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TC l F/EL2 (3)
TC 2 M/L3E (4 )
TC 3 a/E (5 )
TC 4 K/LE (6 )
TC S KT/8L3E (7)
TC 6 == 8/L (8 )
TC 7 8 (9 )
1ts E (10)
TC g == v (11)
Equations 3 and 4 enable the following modeling laws to
be determined:
Fm .== Fp ((Em/Ep ) (Lm/Lp ) 2)
Mm == Mp ((Em/Ep ) (Lm/Lp ) 3)
(12)
(13)
These relationships allow the model input loads and
bending moments to be scaled based on anticipated prototype
loads. Note, the subscripts m and p represent model and
prototype respectively.
Furthermore, equations 8 and 9 along with geometric
similarity are used to determine the model laws shown in
equations 14 and 15.
(14)
(15)
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Equation 14 indicates that the model deflections are
the same as the model to prototype geometric scale factor.
Similarly, in equation 15, the prototype and model angles
are identical.
Equations 6 and 7 are used to formulate the following
model laws:
Km = Kp ((Em/Ep) (Lm/Lp ) }
Ktm = Ktp ((Em/E p ) (Lm/Lp ) 3}
(16 )
(17)
These are the structural bending and torsional rate
equations. These equations allow the stiffness of
fixturing, springs, and body structures to be modeled based
on prototype stiffness rates from finite element analysis or
experimental sources.
Finally, equations 9-11 allow the formulation of
equation 18-20 based on constitutive similarity.
(18)
(19)
(20 )
Equation 18 allows for the comparison and conversion of
model and prototype stresses. Furthermore, equation 19
states that Poisson's Ratio must be the same for the model
20
and prototype. Finally, equation 20 states that the
prototype strain and the model strains are theoretically
equal. As a result, strain data obtained from a plastic
model from a variety of sources such as strain gages,
brittle coating methods, and birefringent coatings, can be
compared and extrapolated to full scale steel prototypes on
a one to one basis.
Advantages And Disadvantages of Scale Modeling
In addition, to the obvious advantages posed by the
relation Em = Ep , equation 18 illustrates another very
important attribute of plastic modeling. In general, the
modulus of elasticity for a typical plastic is 500,000 psi
or lower at room temperature. Because of the low modulus
ratio, small loads will produce relatively large and easily
measured strains. (10) As a result, the plastic model test
structure, loading, and fixturing is simplified and the cost
incurred is greatly reduced. In addition, a steel prototype
yield stress of 30,000 psi would correspond to only a 500
psi stress on the model, which is well below the yield
stress and well within the linear range of several types of
plastic. This is illustrated by the stress strain curve (10)
of PVC as shown in Figure 1.
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Figure 1: Stress Strain Curve for PVC
Furthermore, plastics are relatively easy to fabricate
and are inexpensive. Thermoplastics are easily heated and
molded or vacuum for~ed and modified to incorporate design
changes. They can be easily sawed, drilled, machined,
welded and even glued together to form strong reliable
adhesive joints.
However, it was A.E. Johnson (11) who disclosed that
> plastics have several disadvantages, although not
insurmountable, when they are utilized in structural models.
This is confirmed sparingly by Penn and Pickford. (10)
Plastics, to a varying degree, creep under load, even
if the load is well below the yield strength of the
material. (11) Penn and Pickford also pointed out that the
creep rate is greatly effected by vibration. (10)
22
Most plastics are extremely sensitive to temperature
changes; they have a high coefficient of thermal
expansion. (10) In addition, the modulus of elasticity of
most plastic materials varies with temperature.
As pointed out by A.E. Johnson(11) the mechanical
properties of some plastics are sensitive to humidity. The
literature search failed to reveal any published systematic
work on the effects of humidity on the modulus of elasticity
of plastics. However, based on experience it was noted that
the modulus of elasticity can be greatly reduced depending
on humidity.
Areas of Application
The earliest practical applications of plastic models
were performed by various aircraft industries and NASA
during the development of various aircraft and space
vehicles. Redshaw and Palmer(12) described the construction
and testing of cellulose nitrate models of delta aircraft to
investigate wing stiffness, stress distributions, resonance
and wind tunnel characteristics.
Methyl methacrylate was used by Zender(13) to determine
the stress and deflection experimentally in aircraft wings
and fuselage models. Undoubtedly, numerous defense
contractors used plastic modeling extensively during the
23
same time period, the mid to late 1950's. However, much of
this data is difficult to obtain.
Westinghouse Electric Company engineers used plastic
models extensively in the dynamic analysis (natural
frequency) of turbine structures. D.V. Wright and R.L.
Bannister(14) published several papers addressing the use of
plastic models in dynamic analysis. They cited results of 5%
accuracy for natural frequency analysis and 10% for off
resonant frequencies with large errors occurring at resonant
peaks. Wright and Bannister did not, however, utilize
plastic models for static stress analysis and deflection
studies due to the creep effects of plastics.
In 1961 A.E. Johnson and R.H. Homewood (11) published a
detailed study on the use of plastic scale models for static
stress and deflection analysis. They evaluated the effects
of glue, solvents, and also the stiffening effects of strain
gages on plastic structures. They concluded that, provided
the proper precautions' were taken, plastic models are indeed
a viable tool for static stress analysis.
The first published application of plastic modeling in
the automotive industry came in 1963 from Chrysler
Corporation. R.C. Penn and H.R. Pickford(lO) performed a
detailed feasibility study of plastic modeling applied to
automotive frame structures. In retrospect, the work and
the procedures documented by Penn and Pickford set the
, 24
standard for plastic model testing of automotive structures.
For example, Jacques(lS) I Clark(16), Morton(17) and MK
Himmelein(lB) all based their static analysis work on the ~
accomplishments of by Penn and Pickford.
Independently, J.W. Van Dorn, and G.L. Goldberg(19)
performed a similar analysis as compared to Penn and
Pickford. However, they attempted to obtain a more accurate
simulation of a real world vehicle by using scaled loads
measured from a proving grounds vehicle. Curiously however,
it appears that they did not take into account plastic
creep. In addition, they did not model the vehicle as a
free body, instead they constrained the model at the body
mounts.
Corteg, Brines, and George (1) used static plastic model
data combined with damage analysis to estimate durability
prior to laboratory tests.
W.A. Elliott(20) (21) did extensive dynamic analyses of
automotive frames. Lobkovich(22) used polycarbonate models
to simulate dynamic crushes and inertial effects.
The intent of this cpapter was to provide background
into the theory and application of plastic modeling, and
also to review the previous work done in the area of plastic
modeling. In particular, the literature was gleaned for
support material and references to research questions one
and two in chapter one.
25
Plastic modeling has been shown to be a very useful
tool in the design and analysis of automotive structures.
Research question one was not addressed at all in the
literature surveyed. On the other hand, however, in
reference to research question number two, an error of 10%
between the plastic model and the steel prototype was
cited. (10) However, these comparisons were based on the same
test method used for the plastic model and the steel
prototype. The plastic model strains were not compared to
real life vehicle strains or dynamic test results.
Therefore, the purpose of this research is reaffirmed and
subsequent chapters will address research questions one and
two.
The next chapter will outline all the experimental
procedure utilized In the plastic model strain analysis
experiments.
26
Chapter 3
Experimental Procedures for Plastic Scale Modeling
Model Description
The material in this chapter presents all the
experimental procedures employed in the plastic modeling
strain comparison experiments. The plastic model consisted
of a 1/2 scale PVC model of a light truck prototype design.
Material property experimental procedures as well as strain
analysis and fixturing procedures are included.
Justification and support for these procedures is provided
as well. Unless otherwise noted, the following procedures
were developed by the author during an extensive development
process.
Determination of Material
The use of plastic scale models to determine stresses
and deflections in full scale steel prototypes accurately is
largely dependent on the type of plastic chosen to simulate
the steel prototype. The theoretical discussion on modeling
illustrated that plastic modeling is largely dependent on
constitutive similarity. In short ( the stress strain curves
of the steel prototype and the plastic model should be as
27
similar in shape and characteristic properties as possible
in order that an accurate simulation can be realized. In
addition, the selected material must be commercially
available ln a sheet form in a wide range of uniform
thicknesses. Flatness and thickness tolerances are critical
ln that they influence the model size and stiffness. It is
no accident that past improvements in plastic to steel model
correlation have paralleled advances in plastic materials
and processing. (11)
Redshaw and Palmer(12) used cellulose nitrate for their
models. It was noted that cellulose acetate materials were
inferior to materials with cellulose nitrate because of
dimensional instability. Meadows (23) reported that the
variation of the modulus of elasticity for glued box
sections of methacrylate models was found to be 330 psi per
day as compared to 800 psi per day for cellulose acetate
after 15 days. However, no indication of humidity effects
were accounted for in his experiments. Zender(13) indicated
that the maximum model stress should be in the range of 500
to 600 psi to avoid excessive creeping when using Plexiglas
I-A. Tests by A.E. Johnson(ll) on Plexiglas I-UVA indicated
that the model stresses between 1500 and 2000 psi could be
tolerated without excessive difficulties from creep. In
addition, D.V. Wright and R.L. Bannister(14) used acrylic
28
plastics extensively in vibration analysis studies performed
on power generation equipment.
The most extensive material feasibility study was
performed by R.C. Penn and H.R. Pickford. (10) Their goal
was to develop a plastic modeling technique and apply it to
automotive frame structures. Penn and Pickford only
investigated commercially available plastics that were
available in sheet form in a wide range of thicknesses.
These plastics were then compared for formability,
machinability, and weldability. The physical properties of
these plastics such as constancy of the stress strain
relationship, creep rate, modulus of elasticity, poission's
Ratio and other miscellaneous factors were investigated.
The results of their study indicated that rigid vinyl
plastics had the most repeatable stress strain curve and the
least creep of all the plastics tested. In addition, their
tests indicated that there was no appreciable change in
creep after 5 minutes. (10) Finally, rigid vinyl was found
to be homogeneous and not influenced by loading direction.
This benchmark study performed by Penn and Pickford set
the standard by which all subsequent plastic modeling has
adhered to. Clark(16), Morton(17), Himmelein(18), Van
Dorn(19), corteg(l) and Elliott(20),(21) all utilized PVC for
their plastic modeling studies.
29
Consequently, based on the results obtained by Penn and
Pickford and subsequent experimenters PVC was the material
of choice for these experiments.
The particular grade of PVC utilized was VCA 3312 as
\
)opposed to the standard grades of PVC. The various material
properties are given in Table 1.
Table 1: Mechani~al Properties of VCA 3312 PVC(24)
Tensile Strength 8,000 psi
Modulus of Elasticity 390,000 psi
(in tension)
Flexural Strength 12,000 psi
Modulus of Elasticity 430,000 psi
(in flexure)
A typical stress strain curve for the PVC used in these
experiments is shown in Figure 1. When compared with a
typical stress strain curve for the steel prototype material
(Figure 2), the similarity of the shape of the two curves
can be seen, in the practical design range of steel. From
these figures and similar data provided by the
30
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Figure 2: Stress Strain Curve Steel
manufacturers, the yield point for PVC and Steel SAE
1008/1010, is 7500 psi to 9000 psi and 36000 psi
respectively and Young's Modulus is 390,000 psi and 29 x 10 6
psi respectively. Applying this data to the derived model
laws from Buckingham's IT Theorem demonstrates that a
prototype yield stress of 36000 psi would correspond to only
a 484 psi yield stress on the model. Since PVC has a yield
stress of 7500 to 9000 psi, the plastic model is well within
the linear range of the PVC material. (10) This also allows
the model to be deformed up to eight times as much as the
prototype and not exceed the yield stress of the PVC
material. In addition, the low working stress decreases the
effect of creep and results in the structure's behavior
being more linear and the results being repeatable.
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Creep of Plastics
The creep phenomenon lS one of the primary
disadvantages when plastics are used In structural models
since all plastics creep under load. In fact, Wright and
Bannister(l4) refrained from using plastics for static
studies due to the creep effects. The experimentation
performed by Penn and Pickford(lO) indicated that vinyl has
1/2 the creep of cellulose acetate. More importantly, the
creep rate drops off rapidly after 1 minute and can be
neglected after 5 minutes. (lO) This suggests that a
standard creep time of 5 minutes should,exist between the
time of load application and the time of data acquisition,
whether it be strain or deflection data. Therefore the
modulus of elasticity should be determined 5 minutes after
the application of a static load. This result makes it
possible to obtain consistent and hence meaningful data.
Determination of Effective Modulus of Elasticity and
Poisson's Ratio
The intent of these plastic modeling experiments was to
utilize strain gages in conjunction with brittle lacquer
coatings to determine meaningful strain data. As a result,
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since PVC has such a low modulus of elasticity the
application of brittle lacquer coatings and strain gages to
the PVC will stiffen the material and, elevate the effective
modulus of elasticity.
Johnson(ll) investigated the stiffening effects of
strain gages applied to cellulose acetate with nitro
cellulose cement (DUCO). However, the stiffening effects of
strain gages on PVC has not been evaluated in the literature
surveyed. This is also true of brittle lacquer coatings.
Although Corteg(l) suggested that brittle lacquer coatings
on PVC have very little stiffening effect, it was not
quantified.
Therefore, in an effort to obtain more accurate results
by eliminating variables, an experimental or effective
modulus of elasticity was determined. Two tensile coupon
specimens were cut from each of the material thicknesses
used in the scale model and also from the same lot of
material. The coupons were then coated with silver
undercoat and with brittle lacquer coating and then allowed
to cure for 24 hours. The surfaces were then prepared by
removing the stress coat and a EA-30-062~Q-350 Micro
Measurements strain gage was applied with alkyl
cyanoacrylate glue (M-Bond 200). The strain gage wires were
then soldered to the gage and then connected to a Vishay
Signal Conditioning Amplifier. The calibrated output
33
voltage was then read by an Hewlett Packard pen plotter.
Weights were then hung from the coupons and the strains were
recorded 5 minutes after the application of the load and
then allowed to relax 10 minutes. Varying weights and
stress levels were used as well. Great care was taken to
duplicate the plastic model strain gage application on the
tensile coupons. The stress/strain data, points were then
plotted and a straight line fitted to the
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data (Figure 3). Consequently, the material stiffening
effects of the glue, strain gage, brittle lacquer coating
and solvents were incorporated in the experimentally
, L-
determined modulus of elasticity used for the modeling
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relationships. A typical creep curve for this material can
be seen in Figure 4. A similar procedure was used to
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Figure 4: Typical Creep Curve for PVC(lO)
determine poisson's Ratio for the material; two
perpendicular strain gages were used to determine the
lateral and longitudinal strain ratio (Figure 5). The
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results of the modulus of elasticity and Poisson's ratio
experiments are 'shown in Table 2.
Table 2: Experimentally Determined Material
Properties for PVC
Modulus of Elasticity 403,000 psi
(in tension)
Poision's Ratio .33
The results of these tests allowed the plastic model
laws for these experiments 'to be formulated by applying the
36
90
results of Table 2 to equations 12,16,17, and 18. These
results are shown below:
Fm (1/293)Fp (21 )
I
Km (1/146) Kp (22 )
Ktm = (1/585) Ktp (23 )
CJm (1/73)CJp (24)
8m (1/2) 8p (25)
The variation of modulus of elasticity with temperature
is shown in Figure 6. This graph indicates
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Figure 6: Variation of the Modulus of Elasticity of
PVC With Temperature (10)
that the modulus of elasticity decreases as the temperature
increases. Furthermore, PVC and plastics in general have
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very high coefficients of thermal expansion. As a result
fluctuations in temperature cause subsequent fluctuations In
strain gage readings. Consequently, great care was taken to
ensure that the modulus testing temperature and the testing
temperature were kept the same with the climate control
system.
No systematic work has been reported on the effects of
humidity on PVC, however Johnson(ll) reported that the
modulus of some plastics is severely reduced due to
humidity. In house experiments have indicated that strain
magnitudes can double due to humidity effects. However,
humidity variations were easily controlled with a climate
control system and were determined not to be a factor.
Selection of Scale
Prior ~o fabricating a plastic model, a suitable scale
must be selected. Half scale was chosen for the
construction of the light truck plastic model used in this
research. Half scale provided a model that was easy to work
with and -also convenient in terms of obtaining material
thicknesses. In addition, the most common strain gage size
used in automotive frame testing has a 1/8 inch grid size.
Half scale allowed strain gages with a 1/16 inch grid size
to be used for the model which is a standard Micro
38
Measurements strain gage size. Penn and Pickford(lO)
utilized 3/8 scale exclusively. However, it was felt that
1/2 scale provided better resolution and, as a result, less
error than 3/8 scale.
Model Fabrication
Vacuum forming over wood or plastic patterns is the
most common and easiest method used to fabricate the 1/2
scale PVC frame components for the plastic model. Forms or
patterns were constructed from 1/2 scale drawings; mahogany
and poplar wood were utilized to make the patterns. The
patterns were sanded smooth to prevent stress concentrations
from occurring in the PVC model. Grooves were then cut into
the bottom of the forms and numerous pin holes were drilled
from the surface of the form through the pattern into the
hollow formed by the groove. This allowed air to be
evacuated during vacuum forming.
A sheet of PVC was then heated to 250 degrees
Fahrenheit and placed over the form coated with mold release
and vacuum formed. Some local areas were then reheated with
a hot air blower and reformed to smooth out any wrinkles.
The part was then removed from the pattern.
Excess material was trimmed and any attachment holes
were added at this time.
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The model was then assembled per print as closely as
possible. Welds were simulated by inserting thin strips of
PVC filler material into the intended weld joint and then
covering the weld joint with a Teflon tape. A soldering iron
controlled by a rheostat was then used to melt and fuse the
PVC weld joint. The final joint had a similar appearance to
a metal weld. However, the stress concentration factors
were undoubtedly different. In any case, it should be noted
that the weld lengths and weld termination points were
duplicated as closely as possible.
Rivet joints were simulated using bolted joints
utilizing nylon fasteners. Penn and Pickford(lO) among
others simulated riveted joints by heating two plastic rods
and clamping them into position. However, it is very
difficult to simulate the clamp load with this method and it
also does not account for creeping of the rivet material.
As a result, it was decided that a bolted fastener would
provide a more accurate simulation of a riveted fastener
since the clamp load could be more closely monitored and
consequently the joint stiffness and the stiffness of the
entire frame model frame structure could be modeled more
accurately. The creep effects and the torque vs. clamp load
of nylon fasteners were evaluated by bolting the nylon
fastener in a calibrated load fixture as shown in Figure 7.
The load fixture consisted of two thin tube sections
40
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Figure 7: Nylon Fastener Creep Test Fixture
with a hole through the center of each. The two tubes were
then joined together with a load cell. A Vishay Signal
Conditioning Amplifier was then utilized to monitor the
fastener cl~mp lo~d. By using this fixture, the creep
characteristics of the nylon fasteners and the torque versus
clamp load relationship were determined. In addition, since
the torque values applied to the plastic model were very
small, (0.1-0.5 in/lb), a 1/4 inch nut driver was
instrumented with a strain gage torsion bridge. Once
calibrated, it served as a very accurate torque transducer
for plastic modeling. Finally, the results of the nylon
fastener experiments indicated that the nylon fasteners
should be retorqued once a day to avoid excessive error due
to creep.
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The steering gear and the front steering
knuckle/spindle assembly were modeled using aluminum plate.
This was deemed adequate since both the steering knuckle and
the steering gear were heavy castings and hence were very
stiff relative to the sheet metal components attached to
them. Therefore, to approximate the stiffness of these
components they were modeled in aluminum. These components
(Figure 8) were made as light as possible and maintain the
Figure 8: Front Suspension Components
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Figure 8: Front Suspension Components
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model to prototype weight relationship. Additionally, the
steering linkage assembly was fabricated out of aluminum ~.
tubing to satisfy stiffness requirements and provide the
proper lateral restraint to the suspension system.
Similarly, the wheel radius load inputs were also simulated
using aluminum links.
Since the upper and lower control arms were in direct
contact with the PVC model, they were fabricated out of PVC
--p~astic; The control arm bushings were simulated using Dow
Corning 3101 RTV Silicon Rubber. Spherical bearings were
fastened to the upper and lower control arms at the
balljoint locations, and also to the steering linkage at the
pitman arm and idler arm attachments, in order to simulate
the degrees of freedom in the actual prototype ball joints.
Customer supplied spring rates were used to develop the
f d ,I\..." f hront an rear suspenslon sprlngs. Because 0 t e creep
properties of plastic, 2024 - T3 aluminum alloy was used to
simulate the rear leaf sprlng. Leaf spring design equations
were used to develop an initial first "guess" at the spring
geometry. This design was subsequently modified and tested
in a trial and error process to obtain the proper spring
rate. The fixture used to test the spring is shown in
Figure 9.
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Figure 9: Rear Leaf Spring Test Fixture
Similarly, the front coil sprlngs were modeled using
steel music wire. The springs were fabricated by wrapping
the wire around a mandrel mounted in a metal lathe. The
lead screw of the lathe was used to set the pitch of the
spring. The standard coil spring design equations were used
to determined the dimension of the spring. The springs were
then calibrated using the fixture shown in Figure 10.
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Figure 10: Coil Spring Calibration Fixture
The rubber body mount pucks were simulated using
calibrated coil springs developed from customer supplied
spring rates. PVC caps were fabricated to simulate the
contact area of the body mount pucks and also to capture the
springs.
The engine mass and stiffness was simulated by using a
fixture made of wood and consisted of all the mounting
points for the engine and transmission. Note, the intent
was to simulate the stiffness and mass of the engine
structure and provide for a location of load input, and not
to simulate the actual shape of the engine and transmission
assembly. Care was taken to fabricate PVC engine mount
brackets with silicon rubber bushings to maintain the proper
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joint compliance in the model. The same was done with the
transmission mount. The final model engine/transmission
assembly can be seen in Figure 11.
Figure 11: Engine Transmission Fixture
Finally, to correctly simulate a light truck vehicle,
body structures must be designed, fabricated, and calibrated
to provide the scaled structural stiffness and mass
distribution of the prototype body structures.
The body structures for a light truck vehicle are
generally divided into three basic areas (Figure 12) i the
46
i" i llt li,ll1CC in eh,c. model.
t ]C1nstni~:;~:;ion mount. The" final model enqine/t]ansmi~:;sioJ1
,1~3~3embly can be seen in figure 11.
Figure 11: Engine Transmission Fixture
Finally, to correctly simulate a light truck vehicle,
body structures must be designed, fabricated, and calibrated
to provide the scaled structural stiffness and mass
distribution of the prototype body structures.
The body structures for a light truck vehicle are
generally divided into three basic areas (Figure 12); the
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A = FESM (Front End Sheet Metal)
B =Cab
C =Pick-up Box
Figure 12: Schematic of Light Truck Structural Regions
reason being intuitively obvious. Referring to
Figure 12, it can be seen that the structural areas of A, B,
and C respectively have an approximately constant cross
section and stiffness. Furthermore, the front end sheet
metal (FESM) structure and the cab structures are separ~te
\
structures that are typically bolted or riveted together.
The prototype pick-up box was also a separate structure that
was bolted directly to the frame.
Associated with each region is a bending/beaming
stiffness and a torsional stiffness. The beaming and
torsional stiffness rates were modeled using rates obtained
frpm customer finite element models. This data was also
compared against experimentally determined structural
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stiffness rates from similar vehicles for accuracy. The
structural rates for these experiments are shown in Table 3.
Table 3: Structural Rates for Body Structures
Component Beaming Torsion
(lb/in) (lb in/deg)
FESM 2280 75700
Cab 305- 210
Box 950 3436000
Figures 13 and 14 illustrate how the body structures were
constrained and the loads input to the structural system.
The same boundary conditions were used in the test fixture
as in the finite element model in order to obtain comparable
results.
The body and box structures for the PVC model were
constructed from wooden cross members that contacted the
steel body mount springs and transferred the load to the
frame at these points. Bolted to the cross members were
tubular PVC cross sections. The cross section properties of
the PVC beams were determined using thin walled beam
equations. However, since these equations were only a first
guess at the required beam dimensions, the final cross
sections for the FESM, cab, and box structures were obtained
by numerous experimental iterations. As was mentioned
previously, the body and box structures were tested using
48
the boundary conditions shown in Figure 13 and Figure 14.
Deflections were carefully measured using
Figure 13: Constraints'For Body Structure Beaming Tests
Figure 14: Cons tra-int s- For Body Structu-r-eTorsion Tests
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Linear Variable Differential Transformers (LVDT) and the
loads were input using weights. The FESM and cab structures
were bolted together using nylon fasteners in an effort to
simulate the prototype structure. Furthermore, since the
prototype box structure consists of cross beams called sills
of a "u" shaped cross section joined by stamped body panels
and a corrugated floor panel. The sills of the box
structure were then bolted directed to the flanges of the
frame siderails. Therefore, during the fabrication and
design of the model box structure every effort was taken to
simulate the joint stiffness in the sill attachment areas.
As a result, the pick-up box structure consisted of wooden
stringers to simulate the steel sill cross beams. However,
at the siderail- attachment points, PVC channel sections were
"attached. These were designed to simulate the scaled
dimensional and material stiffness of the prototype sills in
these locations, thus simulating the actual joint stiffness.
Finally the cross beams were joined together with a PVC IIC"
channel.
The primary goal of plastic modeling of automotive
structures is to simulate the prototype design as closely as
possible in order to obtain useful design information about
the prototype design. Therefore, it is only logical that
the plastic model should be tested in a manner that
simulates the actual vehicle as closely as possible.
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JW Van Dorn and GL Goldberg(19) applied plastic
structural models during the development of the Ford Torino
frame. The PVC model was attached to a rigid test fixture
at the body mount locations. Loads were then input via a
simulated suspension. Penn and Pickford(10) and Corteg and
Brines(l) utilized a similar technique in their PVC model
experiments. Furthermore, the technique of fixing the
automotive frame structure at the body mounts is often
applied when testing steel prototypes. One advantage of
this technique is that the fixturing design is relatively
simple. Typically, a welded assembly consists of a
cantilever beam to which the body mount isolator is bolted.
This beam 1S then welded to an upright column which in turn
is welded to a rigid base, As a result, no body or box
structures are required for this technique.
However, fixturing at the body mounts and inputting
loads to the suspension would appear to only test the
structural integrity of suspension components. Unrealistic
structural failures often occur at the body mounts of the
frame structure due to overconstraining the system leading
to overdesign. Furthermore, plastic modeling is ideally
done early in the frame development program often before
steel prototypes are constructed. One of the primary
advantages of plastic modeling is to clarify design flaws
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before steel prototypes are constructed thus avoiding costly
errors.
Therefore, since the goal was to evaluate the entire
frame structure, the PVC model was fixtured in the "free"
state. The chassis assembly was suspended from steel cables
attached to the simulated wheel center line. Load cells
were placed between the cables and the fixturing to measure
the the wheel/axle loading. The correct axle reactions were
.
obtained by adjusting the weight distribution of the model
and counter weighing overweight structures using pulleys and
weights.
Experimental Strain Analysis Procedure
The strain gage locations were determined using brittle
lacquer coatings. The PVC model was first undercoated using
ST-850 silver undercoating to make cracks more visible. The
climate control in the model testing room was maintained at
a constant temperature and humidity. Consequently, SP-60
stress coat was used and allowed to cure to a threshold of
650 microstrain. The load cases were then applied to the
PVC structures in increments of 33% of the scaled load
magnitudes. This was to determine the most sensitive design
areas since plastic models at times can have large
deflections. The strain gage locations were mafked on the
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most sensitive design areas of interest, indicating the
direction of principal strain. The stress coat was then
removed in the location of the strain gage. The plastic was
cleaned using a basic ammonia sol~tion. Catalyst was
applied to the polymide encapsulated resistance strain gage.
M-Bond 200 adhesive was then utilized to glue the strain
gages to the plastic model. The lead wires were then
soldered to the strain gages and care was taken not to over-
heat the plastic.
Based on the strain patterns of the above brittle
lacquer sensitivit~ study, it was determined that 83 strain
gages were necessary to analyze all the potential design
concerns on the PVC model. This was based on strain pattern
sensitivity, density, and engineering judgment. The gages
used were EA-30-062AQ-350 (option w) i they were temperature
compensated for PVC. The excitation voltage was then
calculated based on the heat conduction properties of PVC
plastic. The excitation voltage was calculated to be 1.5 -
2 volts. From trial and error, 1.5 volts was determined to
be the best excitation voltage for PVC. Higher excitation
voltages produced unacceptable thermal drift. The goal was
to excite the strain gages at the highest possible voltage
to reduce the error by decreasing the signal to noise ratio.
Due to the high number of strain gages, a Whelen 100
channel strain gage data acquisition system was utilized.
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This was advantageous since all the strain gages were
sampled simultaneously. All gages were continuously excited
one hour before the application of loads. This resulted in
the minimum amount of thermal drift of the strain gages
during testing. Furthermore, the PVC model was shielded
from air currents by surrounding the model and test fixture
with curtains.
Model Loading
Finally, the load cases were applied to the model.
Consistent with the discussion in the theory of plastic
modeling, the loads were applied via a pulley system and
applied for 5 minutes before reading strain gages. The
strains were then sampled using the Whelen strain gage data
acquisition system. Loads were then removed and the model
was allowed to relax for 10 minutes. This double relaxation
time was necessary for the PVC to relax and the strain gages
to rezero. The aforementioned load case sequence was
applied a minimum of three times in order to obtain viable
results. The results were then averaged to obtain the final
strain value. A basic program was written to sample the
data and average the results per the aforementioned
procedure.
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Loads were applied at the center of gravity locations
of the engine, FESM, cab, and payload location using pulleys
and cables. The model was constrained at the simulated
11 tire patch 11 locations. Note I the 11 tire patch 11 is the area
of the tire which contacts the road in an actual vehicle.
For these experiments loads were applied and reacted at the
center point of this area. The load applications were based
on design laboratory and proving grounds testing experience.
The actual loads were calculated from the basic principles
of mechanics. The following load cases were applied to the
model:
1. Maximum Forward Acceleration.
I
2 . One G to two G Vertical Reaction.
3. 0.8 G Forward Braking Reaction.
4. 0.5 G Reverse Braking Reaction.
5. 0.5 G Lateral (Cornering) Reaction left hand and
right hand.
6. 106.7 mm (4.2 inch) Diagonal Twist.
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Maximum Forward Acceleration:
The maximum acceleration loads were applied at the
center of gravity locations located on the engine, body, and
box structures. These loads were then reacted by the front
and rear suspensions which were constrained in the fore/aft
direction by cables at the "tire patch" centerline location.
One G to two G Vertical Reaction:
The 2G vertical load case was developed applying load
at the center of gravity locations of the frame structure
until a 2G load reaction was realized at the front and rear
axles.
Forward/Reverse Braking Reactions:
Braking reactions were accomplished by grounding the
frame through the front and rear suspensions at the tire
patch locations. The fore and aft accelerations were again
applied at the center of gravity locations. The model was
loaded vertically at a one G condition.
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Lateral Reactions:
Lateral acceleration loads were applied at the center~
of gravity locations for the front end sheet metal, cab,
engine transmission, and payload structures. These loads
were then reacted by the front and rear suspensions which
were constrained in the cross car direction by cables at the
"tire patch II location. A cornering weight transfer of 3 6 %
inboard and 64% outboard was used to develop the loads.
Full Frame Diagonal Twist:
Cables were constructed and fitted to the model to
create the diagonal twist conditions representative of a
218.4 mm (8.6 in ) full scale. The frame was vertically
loaded at a one G condition.
Figure 15 shows the geometric and mass distribution
parameters used to calculate the actual loads. The
derivation of the actual load cases is shown in Appendix E.
The load cases are shown in tabular form in Tables 4 to 7.
57
\\MeG12J~11 /- e,beG.
rt, E~~J
9.11 4.77_1
------
~Frame C.G.
\CkoUP Box C.G. "7,~~
m I m
~6~AJtJ
i<E'--------13283 ----------;>l
IE---------- 138.50
Figure 15: Schematic of Test Vehicle
Table 4: Maximum Forward Acceleration Load Case
Full Scale pvc Model 33% PVC 66% PVC
Location Load Load Model Load Model Load
(lb) (lb) (lb) (lb)
Rear Axle (Vert) 3880 14.0 4.50 9.0
Front Axle (Vert) 1160 4.0 1. 30 2.70
Rear Axle (Horiz) 3100 11 3.60 7.20
Front Axle (Horiz) 0.0 0.0 0.0 0.0
FESM CG 50 0.2 0.1 0.1
Cab CG 580 2-.0 0.70 1.40
Engine/Trans CG 440 1. 50 0.50 1.0
Payload CG 1680 5.90 2.0 3.90
Frame CG 350 1. 20 0.40 0.80
Full Scale PVC Model 33% PVC Model 66% PVC
Location Torque Torque Torque Model Torque
Prop Shaft 2000 FT-LBS 3.50 FT-Lbs 1.20 FT-LBS 2.30 FT-lbs
Torque
\~
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Table 5: 2G Vertical Reaction Load Case
Full Scale PVC Model 33% PVC 66% PVC
Location Load Load Model Load Model Load
(lb) (lb) (lb) (lb)
Rear Axle (Vert) 7400.00 25.90 8.60 17.10
Front Axle (Vert) 7400.00 25.90 8.60 17.10
Rear Axle (Horiz) 0.00 0.00 0.00 0.00
Front Axle (Horiz) 0.00 0.00 0.00 0.00
FESM CG 168.00 0.60 0.20 0.40
Cab CG 1940.00 6.80 2.25 4.50
Engine/Trans CG 1460.00 5.10 1. 70 3.40
Payload CG 5600 ..00 19.60 6.50 12.90
Frame CG 910.00 3.18 1.10 2.10
Table 6: 0.88 Forward Braking Load Case
Full Scale PVC Model 33% PVC 66% PVC
Location Load Load Model Load Model Load
(lb) (lb) (lb) (lb)
Rear Axle (Vert) 2400 8.40 2.80 5.50
Front Axle (Vert) 2640 9.20 3.00 6.10
Rear Axle (Horiz) 1920 6.70 2.20 4.40
Front Axle (Horiz) 2110 7.40 2.40 4.90
FESM CG 67 0.20 0.10 0.20
Cab CG 775 2.70 0.90 1. 80
Engine/Trans CG 580 2.00 0.70 1. 40
Payload CG 2240 7.80 2.60 5.20
Frame CG 460 1. 60 0.50 1.10
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Table 7: 0.5G Reverse Braking Load Case
Full Scale PVC Model 33% PVC 66% PVC
Location Load Load Model Load Model Load
(lb) (lb) (lb) (lb)
Rear Axle (Vert) 3770 13.20 4.40 8.70
Front Axle (Vert) 1270 4.40 1. 50 2.90
Rear A.'de (Horiz) 1930 6.80 2.20 4.50
Front Axle (Horiz) 649 2.30 0.80 1.50
FESM CG 42 0.20 0.10 0.10
Cab CG 484 1. 70 0.60 1.10
Engine/Trans CG 360 1. 30 0.40 0.80
Payload CG 1400 4.90 1. 60 3.20
Frame CG 287 1. 00 0.30 0.70
Table 8: 0.5G Lateral Load Case
Full Scale PVC 33% PVC 66% PVC
Location Load Model Model Load Model
(lb) Load (lb) Load (lb)
(lb)
Rear Axle (Vert)
-
4240 11.30 3.70 7.50
Front Axle (Vert) 1796 6.30 2.10 4.20
RH Reaction Rear (Vert) 2380 8.30 2.75 5.50
RH Reaction Front (Vert) 1320 4.60 1. 50 3.10
LH Reaction Rear (Vert) 862 3.00 1. 00 2.00
LH Reaction Front (Vert) 478 1. 70 0.60 1.10
RH Reaction Rear (Horiz) 1220 4.30 0.80 1. 60
RH Reaction Front (Horiz) 675 2.40 0.80 1. 60
LH Reaction Rear (Horiz) 441 1. 50 0.50 1. 00
LH Reaction Front (Horiz) 244 0.90 0.30 0.60
FESM CG 42 0.20 0.10 0.10
Cab CG 480 1. 70 0.60 1.10
Engine/Trans CG 360 1. 30 0.40 0.80
Payload CG 1400 4.90 1.60 3.20
Frame CG 290 1. 00 0.30 0.70
Additionally, to compare the results of rigid body
fixturing to the free vehicle fixturing, the same load cases
~
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were applied to the PVC model with the body and box
structures fixtured rigidly. However, instead of applying
the loads at the center of gravity locations, they were
applied at the tire patch locations due to the fact that the
frame structure was rigidly fixtured. The purpose of this
was to address research question number 1 which was to
evaluate and compare the two fixturing methods on th~ basis
of strain magnitudes. These results were then compared
against strain magnitudes for the steel prototypes.
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Chapter 4
Plastic Model Experimental Results
This chapter presents the results of the first portion
of this study. The results are presented with accompanying
tables and graphs and can be found In Appendix C.
Discussion of these results can be found in chapter 5.
The Tables 9 to 48 contain the strain gage data
resulting from the "free" and II fixed" fixturing experiments.
The primary focus of these data is to provide answers to
research question number 1 (chapter 1) .
The strain gage data was organized into tabular form
\
based on location of the gage on the frame structure. The
five location categories created to organize the strain gage
data were: l)siderails, 2) cross-members, 3)body and box
mounts, 4)engine cross member, and 5) suspension mounts. The
strain gage number and the strain values for the "fixed" and
"free" conditions are listed in each table. Additionally, a
percentage difference was calculated from the magnitudes of
the "free" and "fixed" strain values and included in each
table. Finally, the average percent difference was
calculated and noted in each table. In a further effort to
separate variables and to ultimately aid in the discussion
of strain data, a table for each load case was created
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(Appendix C) . In summary, Tables 9 to 16 contain the
siderail strain gage data. Tables 17-24 and Tables 25 to 32
contain the cross member and engine cross member strain data
respectively. Finally, Tables 33 to 40 and Tables 41 to 48,
contain the body and box mount and suspension mount strain
..,
gage data respectively.
Table 49 compares the "free" and "fixed" strain data
obtained from the 1/2 scale PVC model to strain data
obtained on corresponding strain gages on a full scale steel
prototype. The data was gathered for the 8.6 inch full
frame twist load case. The maximum and minimum prototype
strains were maximum and minimum plastic model strains for
the "fixed" and "free" fixturing conditions. Additionally,
a pe~centage difference between the prototype and plastic
model strains was calculated. Finally, the purpose of this
data was to obtain answers to research questions 1 and 2.
Similarly, Table 50 compares the "free" and "fixed"
/
strain data obtained from the 1/2 scale PVC model to strain
data obtained from corresponding gages on a full scale steel
prototype. The data was gathered for a RPC® test
comparison to plastic model strain gage data.
Finally, the purpose of Table 51 is to address research
question 3. In order to accomplish this, maximum and
minimum steel prototype 8.6 inch twist strains are compared
to plastic model strains from the same load case. This was
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done by calculating a plastic model to steel prototype
strain ratio. The same purpose and methods were utilized ln
Table 52 for the RPC® strain data.
The purpose of the data in Tables 53 to 60 was to
quantify the errors involved with the strain gage data used
in this research. The standard deviation of strain gage
measurements is calculated for each gage for each load case
and shown in Tables 53 to 60. As a result the precision of
the strain gage data is determined.
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Chapter 5
Discussion of Plastic Model Results
The purpose of this chapter is to discuss the results
of the plastic model strain comparison results presented in
chapter 4. The results are summarized and interpreted with
particular focus on research questions 1 and 2.
The primary goal of the preceding plastic modeling
experiments was to satisfy research questions 1 and 2. To
reiterate, question 1 asks: To what degree does the
overconstraining of vehicular test structure contribute to
the overdesign of vehicular structures? and question number
two asks: How do plastic model strains compare with real
life steel prototype strain values? Therefore, all of the
plastic modeling experiments, data acquisition, and data
manipulation were tailored in an effort to obtain answers to
these questions.
The experimental data that addresses research question
number one can be found in Tables 9 to 48. To facilitate
the discussion of results, the strain gages were divided
into classes based on their location on the PVC model. Five
categories were used to segregate the strain gages:
1) siderail 2)cross members except the number one 3)
number one crossmember 4) body and box mounts 5)suspension
65
brackets. These categories were chosen based on design
focus, similar part families, and/or expected sensitivity to
a particular loading condition. Furthermore, to evaluate
the sensitivity of various components to specific loading
conditions, a table was created for each load case within a
particular category. The strain magnitudes of interest in
this discussion are of 100 microstrain or more. This is due
to a statistical analysis of the strain gage data. However,
in practice, typical automotive frame steels have yield
points ranging from 30 to 36 ksi. In terms of strain, 1000
to 1200 microstrain usually indicates yielding. However it
was recommended that a factor of three be applied to strain
data used for life estimation. (1) While significant in
terms of life estimation, strain of 200 ~0 to 300 ~0 or less
causes less cumulative damage than higher strain levels. It
has been shown(25) that with only 2% of the reversals,
properly selected, the fatigue life appearance of 2.5 mm
deep cracks was practically the same as it was with all the
reversals. Therefore, to save time and effort, a practical
compromise was made at a factor of two. This means that any
strains 500 microstrain and above should be considered an
area of concern.
Tables 9-16 contain the "free" and "fixed" strain gage
data for the siderail category. For this category 40/49 or
82% of strain gage measurements resulted in higher strain
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magnitudes for the "free" test condition. Furthermore,
16/17 or 94% of the strain magnitudes of 500 microstrain or
greater resulted in higher strain magnitudes for the "free"
test condition. The average percent difference between the
two fixturing methods was -11%. The left hand and right
hand twist, 28 vertical and 0.58 reverse brake load cases
produced the highest strain levels whereas the other load
cases failed to produce strains above 500 microstrain.
Tables 17-20 contain the strain gage data for the cross
member strain gage category. It was found from this strain
gage data that 55/65 or 85% of the strain gage measurements
resulted in higher strain magnitudes for the free test
condition. The same was true for strains above 500
micros train at 20/22 or 91% and 8/8 or 100% for strains
above 1000 microstrain. The average percent difference
between the free and fixed test conditions for the cross
member category was found to be -48%. The 28, left hand and
right hand twist load cases produced the highest strain
levels for this category.
Tables 25-32 contain the strain data for the engine
crossmember category. It was determined that 29/56 or 52%
of the strain measurements sustained higher strains for the
"free" fixturing condition. For strain measurments above
500 microstr.ain 6/10 (60%) and for strain measurements above
1000 microstrain 2/5 (40%), were higher for the "free"
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fixturing condition. The average percent difference between
the "free" and "fixed" test condition was found to be 55%.
Again the 2G, left hand and right hand twist load cases
produced the highest strains.
Tables 33-40 contain the strain data for the body and
box mount category. The strain data in this category
sustained higher strains for the "free" fixturing condition
at 18/31 or 58% of the data. 100% of the data above 500
microstrain had higher strain in the "free" fixturing
condition. The average percent difference between the
"free" and "fixed" fixturing conditions was 1.27%. The left
hand and right hand twist load cases produced the highest
strain of all the load cases.
Tables 40-48 contain the strain data for the suspension
strain gage category. For this category only 85/200 or 43%
of the strain gage readings produced strains that were
higher for the ·'free" fixturing condition. Of these,
31/64(48%) were over 500 microstrain and 12/26 46% were over
1000 microstrain. The average percent difference was 148%.
All load cases produced high strain levels for this
category.
Table 61 contains a summary of the strain gage "free"
and "fixed" comparison results.
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Table 61: Strain Gage Comparison results
Strain Siderail Crossmember Engine Body/Box Suspension
Level Xmber Mounts
>100 82% 85% 52% 58% 43%
>500 94% 91% 60% 100% 48%
>1000 100% 100% 40% NA 46%
These data indicate that the "fixed" fixturing
technique tends to overconstrain the vehicle structure and
thereby producing unrealistic results. This conclusion was
reached through several means. As the preceding data
illustrate, the siderail and crossmember strain gages had a
much higher probability of producing higher strains in the
11 free" test condition. The primary cause of this phenomena
is that when fixtured,at the body and box mount locations
the frame does not have any freedom to twist. Consequently
very low deflections are imparted to the frame siderails and
crossmembers and therefore results in low strain readings.
The body/box mounts on the other hand experienced excessive
strains due to the fact that they are absorbing all the
loads input to the frame. However, in an actual vehicle the
body mounts are exposed only to the inertial loads of the
body structures which rarely exceed 1.5 g l s. In addition,
the body is mounted to the frame body mount bracket with an
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elastomer mount which provides compliance and softens impact
loads. Finally, the frame is allowed to twist in an actual
vehicle, thereby decreasing the load on the body mounts.
Furthermore, since the aforementioned structural co~pliance
did not exist in the IIfixed ll fixturing condition, the
suspension mounting locations and the immediate vicinity
experienced more load than was realistic. Again, this was
due to the fact that the frame was constrained and not
11 free II to twist. This was substantiated by the data, with
67% of the IIfixed ll strains being measured higher than the
II free 11 strains. This fact was especially noticeable in the
crossmember strain category where in many cases the I~edll
test reaction produced little or no strain response. It is
also worthy to note that the 28, left hand, and right hand
twist are the most useful load cases for full vehicular
evaluation. The reason for this can be seen from the data
contained in Appendix C. The left hand and right hand twist
as well as the 28 load cases always produced the highest
strain levels. This was particularly true of the siderail
and cross member strain gage data. The only exception to
this statement is localized component evaluations such as
steering gear and spare tire evaluations. However,
component evaluations were not included in these
experiments. This was reinforced by R.A. Cripe(26) who
suggested that vertical forces are the most important forces
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lower control arm brackets and their attachments. The loads
were provided by the customer and were based on recorded
proving ground data.
A front frame section was installed in a rigid test
fixture at the front end sheet metal (FESM) and the number
one body mount locations using supplied elastomer isolators.
The sample was originally a part of a full frame assembly,
however the section was separated aft of the number three
cross member prior to being placed into the test fixture.
Reaction plates were positioned behind the trimmed center
siderails to counter the longitudinal suspension loads.
Front suspension, steering linkage, and front driveline
components supplied by the customer were installed using
specified fasteners and torques. The front suspension was
then preloaded to maximum FGAWR (Full Gross Axle Weight
Rating) and suspended at design height via. adjustable
links. Furthermore, an engine/transmission assembly was
fabricated and mounted via customer supplied mounts. The
loads were input through a pair of plates fastened to the
left hand and right hand steering knuckles in the fore/aft
(longitudinal) direction. Two ten inch bore by twelve inch
stroke pneumatic actuators were attached to the plates at-
the tire patch centerline location to provide the load
input. Figure 19 shows the set-up for this test.
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Figure 19: Front Brake and Acceleration Test Fixture
The frame assembly was coated with brittle lacquer and
strain gaged in the vicinity of the upper and lower control
arm bracket mounts and also the number one cross member.
The procedure used for the experimental stress analysis,
,
data acquisition, and data analysis was identical to the
procedures used for the preceding twist test analysis.
Rear Spring Front Hanger Bracket Test
The rear spring front hanger test was designed and
developed to evaluate a light truck rear spring front hanger
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Figure 19: Front Brake and Acceleration Test Fixture
The frame assembly was coated with brittle lacquer and
strain gaged in the vicinity of the upper and lower control
arm bracket mounts and also the number one cross member.
The procedure used for the experimental stress analysis,
data acquisition, and data analysis was identical to the
procedures used for the preceding twist test analysis.
Rear Spring Front Hanger Bracket Test
The rear spring front hanger test was designed and
developed to evaluate a light truck rear spring front hanger
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bracket and attachment. The test evaluates the bracket and
its attachment in response to lateral and longitudinal
loading conditions. The load vectors were supplied by the
customer and were developed from durability vehicles. A
frame section was grounded to a reaction plate in vehicle
position at the following locations: forward of the number
three cross member and aft of the number five cross member.
The frame section consisted of center -and rear siderail
sections, number three, four, and five cross members, front
and rear spring hanger brackets, and the cross member
gussets. Two eight inch bore by 8 inch stroke pneumatic
actuators were utilized to input the loads into the bracket.
One actuator was mounted as to provide vertical inputs, the
other was mounted 16 degrees outboard of the longitudinal
centerline. Figure 20 shows the set-up for this test.
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Figure 20: Rear Spring Front Hanger Test Fixture
The frame was coated with brittle lacquer and strain
gaged. The experimental stress analysis, data acquisition,
and data manipulation was identical to the twist test
procedure.
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Figure 20: Rear Spring Front Hanger Test Fixture
The frame was coated with brittle lacquer and strain
gaged. The experimental stress analysis, data acquisition,
and data manipulation was identical to the twist test
procedure.
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Right Hand Support Arm Beaming Test
The purpose of this experiment was to evaluate the
static to dynamic strain relationship as the load input
frequency was varied.
The Support Arm Beaming Test was a quality audit test.
The test was used to evaluate the structural integrity of an
assembled current production support arm which consisted of
an inner channel section welded to an outer channel section.
The test was designed to evaluate the beaming response
of the support arm due coil spring loads. A current
production support arm was mounted on the right hand side to
a fixture designed to simulate the steering knuckle. The
knuckle fixture was ~ounted in a clevis attachment and
allowed to pivot. In addition, the support arm was mounted
in another clevis at the left hand pivot bushing mount
location and also allowed to pivot. The entire fixture was
then securely bolted to a plate acting as a reaction mass.
Ball joints were installed and all the fasteners were
torqued per the customer specification. Vertical loads were
applied at the spring seat location on the support arm using
a 11 kip servo hydraulic actuator. A MTS 406
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Figure 21: Right Hand Support Arm Test Fixture
controller with a function generator was used to control the
stroker. Figure 21 details the setup for this test.
The support arm was coated with brittle lacquer and
strain gaged. The support arm was first loaded statically
and strain data acquired. Three trials at each load case
were performed. Then a sinusoidal load the same magnitude
as the static load cases was input into the support arm.
The frequency was varied from 2 Hz to 15 Hz. Note that 15 Hz
was the limitation of the servo hydraulic system for the
loads that were used in these experiments. The experimental
stress analysis, data acquisition, and data manipulation
procedures were the same as those outlined in the twist test
procedure.
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Figure 21: Right Hand Support Arm Test Fixture
controller with a function generator was used to control the
stroker. Figure 21 details the setup for this test.
The support arm was coated with brittle lacquer and
strain gaged. The support arm was first loaded statically
and strain data acquired. Three trials at each load case
were performed. Then a sinusoidal load the same magnitude
as the static load cases was input into the support arm.
The frequency was varied from 2 Hz to 15 Hz. "Note that 15 Hz
was the limitation of the servo hydraulic system for the
loads that were used in these experiments. The experimental
stress analysis, data acquisition, and data manipulation
procedures were the same as those outlined in the twist test
procedure.
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Left Hand Support Arm Beaming Test
The purpose of this experiment was to evaluate the
static to dynamic strain relationship in response to test
specimen modifications. This was to evaluate the
feasibility of using static testing to evaluate design
modifications on a particular component.
The part configuration consisted of a stamped outer
section with a differential case mount/ seam welded to a
channel inner section. The test fixture was identical to
the test fixture utilized in the right hand beaming test
except the knuckle pivot was larger to accommodate the
larger steering knuckle and the overall length of the
fixture was longer to accommodate the larger component.
Furthermore/ the actuator and controls were identical to
those used in the right hand support arm beaming test as
well as all experimental stress analysis procedures.
The support arm was initially tested with the
differential case installed. The loads were first applied
statically then dynamically using a sinusoidal input of 5
Hz. Then the differential case was removed and the process
repeated. The static to dynamic amplification factors were
determined for each case. Figure 22 shows the test fixture
used in this test.
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Figure 22: "Left Hand Support Arm Test Fixture
100
Figure 22: Left Hand Support Arm Test Fixture
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Chapter 8
Results of Static to Dynamic Strain
Comparison Experiments
This chapter presents the results of the static to
dynamic strain experiments. The results are presented with
accompanying tables and graphs. Discussion of these results
can be found in chapter 9.
Figures 23 to 33 contain the strain data acquired from
the static to dynamic strain comparison experiments. The
focus of this data is to answer research questions 3 to 7
(chapter 1) .
Figure 23 contains the static and dynamic strain data
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Figure 23: Static to Dynamic Strain Comparison for
the Front Suspension Corner Test
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obtained from the front suspension corner test. A straight
line was fitted to the data. The slope of this line
represents the static to dynamic strain ratio. The standard
deviation for this data was 19~E obtained from the data in
Table 62 (Appendix D). This data addresses the issues posed
by research questions 3, 6, and 7.
Figures 24,25,26 contain the static to dynamic strain
data for the twist test, rear spring front hanger bracket
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Figure 24: Static to Dynamic Strain Comparison for the
Twist Test.
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test, and front braking and acceleration test respectively.
As with the data in Figure 23, a straight line was fitted to
the data using Table Curve. This data was also used in \
reference to research questions 3, 6, and 7. The standard
deviations for this data were 6 ~E, 11 ~E, and 9 ~E
respectively and can be found in Tables 63, 64 and 65
(Appendix D) .
The load input frequency effect on the static to
dynamic strain ratio (research question number 4) is
addressed by the data contained in Figures 27 to 31. This
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Figure 27: Right Hand Support Arm Static/Dynamic
Comparison (2 Hz)
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data is also useful in addressing research questions 3[ 6[
and 7. This data was obtained from the right hand support
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arm beaming test as a sinusoidal input was varied from 2 Hz,
5 Hz, 10 Hz, 12 Hz, and 15 Hz. Table 66 (Appendix D)
summarizes the statistics performed on this data.
Figures 32 and 33 are used to answer research question
5, or the effect of frame component modifications on the
static to dynamic strain ratio. The data was obtained from
the left hand support arm beaming test. ,Figure 32 contains
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Figure 32: Left Hand Support Arm Static/Dynamic
Comparison (Diff. Case Installed)
the strain gage data and straight line fit with the
differential case installed. Figure 33 contains the data
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Figure 33: Left Hand Support Arm Static/Dynamic
Comparison (Diff. Case Removed)
and straight line fit without the differential case
installed. This data was also used to answer research
questions 3, 6, and 7. Finally, the standard. deviation was
12 ~E for the strain gage data with the differential case
installed and 15 ~E without the differential case installed.
This data can be found in Table 67 (Appendix D) .
The data in Tables 62 td 67 (Appendix D) contain the
results of a statistical study done on all the strain gage
data taken in the static to dynamic strain comparison
experiments.
Finally the data in Tables 68 and 69, found in Appendix
D, are used to determine how much strain gage data is
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necessary to determine the static to dynamic strain
comparison ratio accurately. Table 68 contains the data for
the full frame twist test and Table 69 contains the data for
the front suspension corner test.
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Chapter 9
Discussion of Static to Dynamic Strain Comparison
Experimental Results
The purpose of these static to dynamic strain
comparison studies was to answer research questions numbered
3-7. Static and dynamic strains were compared and analyzed
to determine the relationship between the two types of
strain for a given test. Furthermore, the effects the
dynamic input frequency and frame component modifications
have on the static to dynamic strain relationship was
investigated. The number of gages and data points necessary
to quantify the static to dynamic strain relationship was
evaluated.
Figure 23 contains the results of the static to dynamic
strain comparison for the tri-axis front suspension RPC®
test. A straight line was fit to the data points. The
standard straight line equation was used:
Y = bx + a
y = dynamic strain (~E)
x = static strain (~E)
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b slope
a y intercept (~E)
The y intercept a was found to be equal to 57.6 ~E and the
slope was found to be 4.5. The r 2 curve fit statistic was
calculated to be .960 indicating a fairly good straight lie
fit. It should be noted that the inputs for this test are
real time data ranging from 0.5 Hz to 22 Hz. It was a
highly dynamic and severe test which attributes to some of
the data scatter.
The results of the static to dynamic strain data
collected from the full frame twist test are shown in Figure
24. A straight line was fit to the data using the same
procedure as the RPC® data evaluation. The y intercept was
found to be 40.8 ~E and the slope was found to be 1.12.
Again a good straight line fit was obtained as indicated by
a r 2 value of .968. The dynamic portion of the test was run
at 1.5 Hz. In addition, all of the strain gages were
mounted on the engine cross member and lower control arm
attachments.
The rear spring front hanger bracket test results are
shown in Figure 25. A straight line curve fit to the strain
data point yielded a y intercept of 230 ~E and a slope of
.713. The r 2 curve fit statistic of .65 indicated some data
scatter. This test was a two axis test using pneumatic
actuators. Dynamically the test was run at 2 Hz.
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Figure 26 contains the results of the front brake and
acceleration static to dynamic strain comparlson. The
straight line fit to the data yielded a y intercept of 1.67
~l£ and a slope of 1.13. A very good curve fit was obtained
as indicated by the r 2 statistic of .983. Again pneumatic
actuators were utilized in this test which was run
dynamically at 2 Hz.
Figures 27 to 31 contain the results of the study to
evaluate the effect of input frequency on the static to
dynamic strain ratio. Figure 27 represents the data for a
dynamic input frequency of 2 Hz. The y intercept for the
straight line fit was found to be 1.72 ~E and the slope to
be 1.026. The r 2 fit statistic was found to be .996.
Figure 28 contains the data for the input frequency of 5 Hz.
The y intercept and slope for the line fit were found to be
1.30 ~E and 1.035 respectively. The r 2 statistic for this
data set was found to be .995. The data for the 10 Hz input
frequency can be found in Figure 29. The y intercept and
slope for the line fit were found to be 2.68 ~E and 1.029
respectively. The r 2 statistic for this data set was found
to be .995. Figure 30 contains the data for the 12 Hz input
frequency. The y intercept was found to be 7.23 ~E and the
slope to be 1.035. The r 2 statistic calculated to .996.
Finally, the data for the 15 Hz dynamic input case can be
found in Figure 31. The llyn intercept of the straight line
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fit was found to be 4.83 ~E with a slope of 1.034. The r 2
value was .995 again indicating an excellent correlation.
Figures 32 and 33 contain the results of the
experiments to evaluate the effect·of component
modifications on the static to dynamic ratio. Figure 31
contains the data of the test component with the
differential case installed. An excellent straight line fit
to the data was obtained with·a r 2 statistic of .999. The
lI y ll intercept was found to be 2.70 )..lE and the slope was
found to be 1.033. Figure 33 contains the test results for
the same component however with the differential case
removed. A straight line fit to the data produced a lI y ll
intercept of .82 )..lE and a slope of 1.075. The r 2 value of
.997 indicated an excellent straight line fit to the data.
The data shown in Tables 68 and 69 are the results of a
study performed for the purpose of determining the minimum
number of strain gages needed to determine the actual static
to dynamic strain ratio for the system.
The results of the static to dynamic strain
amplification experiments clearly indicate that a linear
relationship exists between static and dynamic strains t and
as a result an$wers research question 3. The average r 2
curve fit statistic of .950 confirms this statement. The
worst linear fit occurred with the two axis rear spring
front hanger bracket test the r 2 value for this test was
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.652. This can be compared to the'best linear fit exhibited
by the single axis left hand support arm beaming test which
had an r 2 coefficient of .9997. The static to dynamic
strain ratio ranged from 4.51 to 1.03.
The static to dynamic strain ratio varies from test to
test. For a given test, however, the ratio appears to be
constant. This fact is supported by the results of the
right hand support arm beaming test shown in Figures 27 to
31. For this test virtually no change in the static to
dynamic strain ratio occurred as the sinusoidal inputs were
varied from 2 Hz to 15 Hz. Fu~thermore, the testing
performed on the left hand support arm (Figures 32,33)
provided additional support for this conclusion. The left
hand support arm test illustrated that component
modifications have little or no effect on the static to
dynamic ratio. Also, it was interesting to note that the
full frame twist test and the front brake and acceleration
tests produced approximately the same static to dynamic
ratio: 1.124 and 1.128 respectively. This is significant
due to the fact that the tests were totally different except
for two primary similarities. The first was that both tests
used the same model frame for testing. Secondly, the same
design area was being evaluated in both tests i.e. the upper
and lower control arm mounts and the number one cross
member. However, this can be discounted by the results of
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the tri-axial front suspension RPC® tests which was also
evaluating the same design area.
What variables affect the static dynamic strain ratio
aside from typical experimental variation? In summary,
dynamic input frequency and test specimen modification have
>
little or no effect on the static to dynamic strain ratio.
One variable might be the fixturing technique used for the
particular component being studied. This was supported by
the preceding plastic modeling experiments which showed that
the fixturing method has a large effect on strain
magnitudes. Test specimen configuration and the number of
load inputs could also have an affect on the strain ratio.
Note, the number of load inputs greatly increased the data
scatter as illustrated by the RPC® and spring hanger test
results. Although it was shown that dynamic input frequency
has no effect on the strain ratio, high frequency inputs
cause more energy to be input to the system. As a result,
the inertial effects of the components would effect the
strain magnitudes, which would not be seen during a static
test. This is especially true during resonance conditions,
which can cause strain polarities opposite those generated
by a static test. When developing static to dynamic
amplification factors, Machelland encountered a decreased
accuracy when data was compared apart from the load input
area. (32) This suggests that the static to dynamic strain
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ratio might be different for different inputs or different
areas of a structure.
It is quite apparent that there are many possible
variables that could effect the static to dynamic strain
ratio. However, while of academic interest, they are
inconsequential for practical purposes. In short, the
bottom line is that the static to dynamic ratio varies from
test to test and as a result must be determined for each
experiment.
Table 68 and 69 contain the results of the experiments
to determine the minimum number of strain gages required to
ascertain the static to dynamic strain ratio. The results
of these experiments are inconclusive. For instance, the
data in Table 69 indicates a better linear fit for 4 and 5
strain gages than 10 strain gages, and a similar condition
exists in Table 68. However, based on this data and
comparison of previous experimental resul~~ the following
suggestions might be made: Two to three gages is sufficient
to define the static to dynamic ratio for a rigidly fixtured
test specimen with a single axis input. However, five to
ten strain gages minimum, should be used to define the
static to dynamic ratio for more complex tests such as high
frequency, multi-axis, and full frame tests. Furthermore an
error propagation analysis (Appendix F) estimates the
experimental error of these experiments to be 12%. This is
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added justification for the use of more strain gages to
quantify the static to dynamic strain relationship.
Once determined, the static to dynamic strain ratio has
several potential areas of use. The strain ratio is ideally
suited for use in prototype design development. For
instance, a prototype design can be fixtured and strain
gaged. The strain ratio can then be determined by inputting
static loads and also sinusoidal inputs. Various design
modifications can then be evaluated statically quickly and
easily to peak loading conditions.
The most promising application is fatigue sensitive
editing of real time road load data used in RPC® testing'.
A rain flow counting algorithm can be used to segregate the
load or displacement data. These loads or displacements can
then be applied to an instumented test specimen for which
the strain ratio has been determined. The data may then be
edited based on these strain readings to eliminate
relatively non damaging portions of the data. The end result
would be a more efficient and cost effective durability
test.
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Chapter 10
Conclusions and Reoommendations
Summary
The purpose of this research was to evaluate the
feasibility of using static testing methods to assess the
structural durability of vehicles. In particular the goal
of this research was to answer the questions posed in
chapter 1. This study was able to answer all the research
questions listed in chapter 1 and the result can be
considered a success.
During the course of this study, it was shown that
overconstraining vehicular structures during testing can
,
lead to overdesign of such structures. This conclusion was
based on the results presented in Table 61. It was also
found that plastic model strains deviate from real life
prototype strains by approximately 20% to 50%. This IS
indicated by the data in,Tables 49 to 52 in Appendix C. As
indicated by the literature (10) , errors as small as 10% are
possible. However, precisely the same loading conditions
must be used. This was not the case when the plastic model
strains where compared to RPC® strain data. Strain
concentration factor variation between the model and
prototype as well as decreased resolution due to scale also
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cause increased data scatter. Furthermore, it was noted
that as the dynamic severity of the prototype test
increased, the error between the prototype and the plastic
model increased.
This research has shown that there is a relationship
between static and dynamic strain data. The relationship is
very consistent and is linear as indicated by tile results in
Figures 23 to 33. The frequency of load input has no effect
on the static to dynamic strain ratio. This also appears to
be true of frame component modifications. To determine the
static to dynamic strain ratio for a simple single axis
test, two to three gages should be used. For a more
complicated test, five to ten gages are necessary.
Conclusions
Vehicular structures should be tested as close to real
world conditions as possible to avoid overconstraining the
structure and as a result, overdesigning the vehicle. A
full-scale test fixture that would constrain the vehicle at
the "tire patch" and input loads at the center of gravity
locations would be ideal. Such "a test fixture would take
the place of 3 to 4 component tests:
Plastic models are very useful as design tools for
,
vehicular structure development. However, when compared to
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severe dynamic prototype tests, significant errors can be
seen and the engineer should be aware of this limitation.
Plastic models provide visual and experimental design
feedback that is essential for the development of
structures.
Static testing techniques can be used to evaluate the
durability of structures. Low amplitude sinusoidal inputs
can be used to determine the static to dynamic strain ratio.
This static to dynamic ratio may then be used to interpret
the static strain data and provide the dynamic equivalent
strains. As a result, the strain data is acquired with
little cumulative damage to the frame and in less time than
a dynamic test with a wider variety of load cases.
Furthermore, the test component can be modified and retested
quickly and easily.
An extrapolation of static testing would be to edit
real time data to develop accelerated "real time" structural
tests. The procedure would be to first group the peak
valley data into "bins" noting the load magnitudes and cycle
counts. The static to dynamic strain ratio can then be
determined using low amplitude sinusoidal inputs. Once
determined, the static to dynamic strain ratio can then be
used to determine the loads which have an insignificant
contribution to the fatigue life of the structures. These
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data can then be removed from the test, resulting ln a more
efficient/accelerated durability test.
Recommendations
Structural durability testing, static as well as
dynamic, has many uncertainties associated with it which are
subjects of continuing debates and must be resolved.
Furthermore, with respect to future study, the ideas
that follow should be explored.
1) A test fixture should be deigned and evaluated that
constrains the vehicle chassis at the 11 tire patch" location
and inputs loads to the center of gravity locations.
2) Using static testing to edit real time data should
be investigated to refine the techniques and explore the
limitations of this procedure.
3) More work should be done on data editing with
particular reference to the technique and criteria used to
edit as much insignificant data as possible while still
developing valid durability estimations. This will result
in more efficient tests.
4) Explore what variables affect the static to dynamic
strain rat-io.
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Appendix A
Determination of Dimensionless Variables
from Differential Equations
This method can be condensed into a four step
procedure. The first step is to define the differential
equation that defines the physical system being studied.
For instance, Equation 1 is the differential equat~on for a
spring mass system under a time varying force.
m dx2 /dt 2 + kx = Pe- t / T
m mass
P force amplitude
k linear spring rate
t time
T Characteristic time
x displacement
(1)
The next step is to rearrange the equation in non
dimensional form. Equation 2 is the non dimensional form of
Equation 1.
m/p dx2 /dt 2 +k/p x = e- t / T
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(2)
However, since the components of Equation 2 namely m/p,
dx/dt, kip, x all have dimensions of length or time a
characteristic length and time must be introduced. A
convenient characteristic length is p/k and a characteristic
time is (k/m)1/2. As a result Equation 2 can be written as
shown by Equation 3.
(3 )
m natural frequency
The next step is to propose a hypothetical model law
such as Xm = A Xp or t m = A t p . Where, A = scale factor and
the subscripts m and p denote model and prototype
respectively.
The final and forth step is to validate the laws by
applying them in the non dimensional differential equation.
The correct non dimensional variable will provide equivalent
results in the non dimensional differential equation for
both the model and the prototype.
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Appendix B
Derivation of Dimensionless n Groups for Half Scale Plastic
Models for Structural Analysis
For an elastic system:
cr = f(F,M,L,E,u,s)
cr stress
F force
M mass
L = length
E modulus of elasticity
u = Poisson's Ratio
s = strain
Kb beaming spring rate
~Kt torsional sprlng rate
Reduce each variable into its respective basic
dimensional form and assembled into a matrix.
F = ML/T cr = F/A = M/LT2 Kb
Kt = F L/rad = ML2/T2
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Stress:
F M L E u £
M 1 1 0 1 0 0
L 1 2 1 -1 0 0
T -2 -2 0 -2 0 0
Note: U = IT and £
Therefore:
IT since £, U are dimensionless
F M L E
(al) (a2) (a3) (a4)
M 1 1 0 1
L 1 2 1 -1
T -2 -2 0 -2
Rearrange rows according to the protocols outlined by
}inear algebra: (row1 * 2 + row3)
F M L E
(al) (a2) (a3) (a4)
M 1 1 0 1
L 1 2 1 -1
T 0 0 0 0
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Therefore:
o (1 )
a 1 + 2a2 + a3 - a4
-2a1 - 3a2 = a3
o
(2 )
From the theory of dimensional homogeneity:
(3 )
Collecting like terms yields:
Therefore assuming al = a2 1:
(4)
e
v
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(5)
(6 )
(7)
(8 )
Deflection (6)
6 f (F,M,L,E,u,E)
F M L E \) E
M 1 1 0 1 0 0
L 1 2 1 -1 0 0
T -2 -2 0 -2 0 0
From the derivation of stress variables:
Therefore deflection has the same n groups.
Derivation of additional n groups:
Note: TI groups may be multiplied, inverted squared,
etc. to form additional more useful dimensionl~ss variables.
Stress:
(a/ (F/L2)) (F/EL2) a/E
(9 )
Scale modeling geometric similarity is enforced:
131
(10)
Beaming Spring Constant:
E =d a/E =d F/L2E _d 8/L
F/LE d 8 =d F/Kb
F/Kb d F/LE
Deflection:
Tr7 = 8/L
Torsional Rate:
Kt =d L 3E/O
Tr s = Kt o/L3E
(11)
(12)
(13)
Formulation of model laws for statically loaded
structures. The subscripts p and m represent prototype and
model respectively.
·Um up (14)
8m 8p {Lm/Lp) (15 )
Fm = Fp ( (Em/Ep) (Lm/Lp) 2) (16)
am ap{Em/Ep) (17)
Km Kp ( (Em/Ep) (Lm/Lp) ) (18 )
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Ktm = Ktp ( (Em/Ep ) (Lm/Lp ) 3)
Om Op
£ m
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(19 )
(20)
(21 )
(22)
Appendix C
Plastic Model Strain Comparison Results
Note: All Strain Measurements are in microstrain (~£).
Table 9: Siderail Strain Gages 2G Load Case
GAGE Free Fixed % DIFF
(!-.llo) (!-U:)
15 -293 -119 -59
16 184 -94 -49
17 -411 234 -43
18 -446 81 -82
19 415 -190 -54
26 1075 763 -29
43 3214 1363 -58
44 3067 242 -92
72 2299 674 -71
AVE -60
Table 10: Siderail Strain Gages 0.5G LH Load Case
GAGE Free Fixed % DIFF
(!-tE) (!-tE)
15 -193 108 -44
16 114 111 -3
17 245 41 -83
18 203 59 -71
19 -205 -439 114
26 -128 253 98
43 -44 106 140
Ave 22
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Table 11: Siderail Strain Gages O.5G RH Load Case
GAGE Free Fixed % Diff
( ~IE) (~IE )
15 189 -24 -88
16 - 94 -230 144
17 -266 124 -53
18 -212 33 -84
19 249 81 -68
26 142 162 14
43 58 126 117
Ave -3
Table 12: Siderail Strain Gages O.5G Reverse Brake Load
Case
GAGE Free Fixed % DIFF
( /1£) ( ~l£)
16 275 94 -66
17 -225 -79 -65
18 -121 -54 -55
19 581 208 -64
26 152 312 105
43 35 139 300
Ave 26
Table 13: Siderail Strain Gages LH Twist Load Case
GAGE Free Fixed % DIFF
(/1£) (/1£)
15 1386 33 -98
16 -149 -102 -32
17 -1858 -42 -98
18 -1478 -82 -94
19 926 2 -100
26 1960 311 -84
43 256 305 19
Ave -73
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Table 14: Siderail Strain Gages RH Twist Load Case
GAGE Free Fixed % DIFF
(/lE) (/lE)
15 1386 33
-98
16
-149
-102
-32
17
-1858 -42
-98
18
-1478
-82 -94
19 926 2
-100
26 1960 311 -84
43 256 305 19
44
-145 -8 -94
Ave -73
Table 15: Siderail Strain Gages 0.8G Forward Brake Load
Case
GAGE Free Fixed % DIFF
(IlE) (IlE)
16 -776 -668. -14
17 521 734 41
18 303 379 25
.....
19 -1270 -1208 -5
26 ·-445 -62 -86
43 -207 108 4
Ave -8
Table 16: Siderail Strain Gages Maximum Acceleration
Load Case
GAGE Free Fixed % DIFF
(Ill:: ) (IlE)
15 -58 -147 156
16 147 128 -13
19 -141 -232 65
26 -71 193 171
43 80 175 120
44 III 106 -4
Ave 82
136
Table 17: Cross Member Strain Gages 2G Load Case
GAGE Free Fixed % DIFF
(~l£ ) (~lf; )
32 191 83 -57
45 599 225 -62
48 -199 a -100
49 227 -5 -98
53 557 a -100
57 270 a -100
62 -25 -197 676
63 -215 a -100
64 -264 -1 -100
66 384 a -100
67 221 a -100
69 301 a -100
74 1153 996 -14
50 -184 -6 -97
Ave -32
Table 18: Cross Member Strain Gages O.5G LH Load Case
GAGE Free Fixed % DIFF
( ~l£) (~l£ )
32 -70 -151 115
58 -193 a -100
66 -294 a -100
69 -123 0 -100
74 -187 218 16
50 11 6 -47
Ave -34
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Table 19: Cross Member Strain Gages O.5G RH Load Case
GAGE Free Fixed % DIFF
( ~lE) (~lE )
32 115 a -100
58 189 a -100
65 -128 a -100
66 331 a -100
69 109 a -100
74 166 373 125
Ave -75
Table 20: Cross Member Strain Gages O.5G Reverse Brake
Load Case
GAGE Free Fixed % DIFF
(IlE ) (IlE )
32 127 12 -91
74 -152 330 117
Ave 13
(
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Table 21: Cross Member Strain Gages LH Twist Load Case
GAGE Free Fixed % DIFF
(~t£ ) (~£)
32 624 -26 -96
45 643 -56 - 91
48 -113 a -100
53 -194 a -100
57 858 a -100
58 1936 a -100
62 121 51 -58
63 -346 a -100
64 -382 -1 -100
65 -792 a -100
66 1948 a -100
67 601 a -100
68 -520 -8 -99
69 1249 a -100
70 254 a -100
71 -326 -27 -92
74 425 735 73
Ave -86
139
Table 22: Cross Member Strain Gages RH Twist Load Case
GAGE Free Fixed % DIFF
(11£ ) (~l£ )
32 -278 15 -95
45 -134 191 42
53 447 0 -100
57 -1019 0 -100
58 -1870 0 -100
62 -276 13 -95
63 424 0 -100
64 665 3 -100
65 543 0 -100
66 -2048 0 -100
67 -418 0 -100
.
68 541 12 -98
69 -1504 0 -100
70 -271 23 -92
71 359 2 -100
74 -574 703 23
50 -95 16 -84
Ave -82
Table 23: Cross Member Strain Gages 0.8G Forward Brake
Load Case
GAGE Free Fixed % DIFF
(IlE) (IlE)
32 -184 -101 -45
74 -50 324 5
Ave -20
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Table 24: Cross Member Strain Gages Maximum
Acceleration Load Case
GAGE Free Fixed % DIFF
-
( ~lC) (pr.)
4S 110 120 10
S3 113 0 -100
6S 93 0 -100
66 -196 0 -100
67 -113 0 -100
74 -S16 328 -36
Ave -71
Table 25: Engine Cross Member Strain Gages 2G Load
Case
GAGE Free Fixed % DIFF
(flE) (W)
5 201 390 94
6 -60 -266 340
78 844 1777 111
79 313 633 102
80 725 1528 111
77 -116 -310 167
Ave 154
141
Table 26: Engine Cross Member Strain Gages O.5G LH Load
Case
GAGE Free Fixed % DIFF
(~lE ) ( ~lC)
5 -98 -376 286
6 213 -103 -52
78 51 -137 167
79 114 97 -15
80 -148 2 -99
Ave 57
Table 27: Engine Cross Member Strain Gages O.5G RH Load
Case
GAGE Free Fixed % DIFF
(fl£ ) (~l£ )
5 135 57 -58
6 -126 -1l0 -13
7 -23 -112 379
78 71 308 335
80 185 94 -49
Ave 119
Table 28: Engine Cross Member Strain Gages O.5G Reverse
Brake Load Case
GAGE Free Fixed % DIFF
(fl£ ) (fl£ )
5 167 -1 -100
78 127 327 159
79 766 503 -34
80 -28 98 254
Ave 70
142
Table 29: Engine Cross Member Strain Gages LH Twist
Load Case
GAGE Free Fixed % DIFF
(Il E ) ( ~lE)
5 344 93 -73
6 -299 -154 -49
78 -596 249 -58
79 -748 202 -73
80 340 544 60
77 397 51 -87
Ave -22
Table 30: Engine Cross Member Strain Gages RH Twist
Load Case
GAGE Free Fixed % DIFF
(IlE) (IlE )
5 -194 350 80
6 1212 133 -89
7 114 0 -100
78 645 1227 90
79 942 520 -45
80 -182 162 -11
77 -418 -350 -16
Ave -13
Table 31: Engine Cross Member Strain Gages 0.8G Forward
Brake Load Case
GAGE Free Fixed % DIFF
(IlE) (IlE )
5 -329 50 -85
6 -99 -362 264
7 -31 -99 218
78 -152 418 175
79 -1951 -1261 -35
80 99 -66 -34
77 154 236 54
Ave 79
143
Table 32: Engine Cross Member Strain Gages Maximum
Acceleration Load Case
GAGE Free Fixed % DIFF
(IlE) (~IE)
5 217 157 -28
78 -251 -97 -62
79 51 135 162
80 126 31 -76
Ave -1
Table 33: Body and Box Mount Strain Gages 2G Load Case
GAGE Free Fixed % DIFF
(IlE ) (IlE)
27 100 228 127
28 259 193 -26
29 305 -1 -100
30 104 176 70
31 -53 -120 128
61 97 -2 -98
82 294 0 -100
Ave 29
Table 34: Body and Box Mount Strain Gages 0.5G LH Load
Case
GAGE Free Fixed % DIFF
(IlE) (IlE)
29 -102 -48 -53
31 143 -61 -57
Ave -55
144
Table 35: Body and Box Mount Strain Gages 0.5G RH Load
Case
GAGE Free Fixed % DIFF
( ~E) (~E)
27 171 290 70
29 136 -21 -85
31 -110 -104 -6
Ave -7
Table 36: Body and Box Mount Strain Gages 0.5G Reverse
Brake Load Case
GAGE Free Fixed % DIFF
(~E) (~E)
27 140 195 39
30 103 142 38
Ave 39
Table 37: Body and Box Mount Strain Gages LH Twist
Load Case
GAGE Free Fixed % DIFF
( ~E) (~E)
27 485 240 -51
28 257 129 -50
29 933 -51 -95
30 -146 37 -75
31 -725 -64 -91
61 -695 -2 -100
Ave -77
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Table 38: Body and Box Mount Strain Gages RH Twist
Load Case
GAGE Free Fixed % DIFF
( ~lE) (~E)
27 -218 40 -82
28 -257 139 -46
29 -745 9 -99
30 149 151 1
31 918 -104 -89
61 831 a -100
Ave -69
Table 39: Body and Box Mount Strain Gages 0.8G Forward
Brake Load Case
GAGE Free Fixed % DIFF
(~E) (~E)
28 33 103 217
29 -67 -112 67
31 -67 -134 100
Ave 128
Table 40: Body and Box Mount Strain Gages Maximum
Acceleration Load Case
GAGE Free Fixed % DIFF
(~E) (W:)
27 251 358 43
28 -97 46 -53
30 108 192 78
Ave 23
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Table 41: Suspension Mount Strain Gages 2G Load Case
GAGE Free Fixed %Diff
(~l£ ) (Jl£ )
4 1484 2874 94
8 -144 -366 154
9 515 1078 109
11 -104 217 -109
17 -411 234 -43
21
-112 -286 155
23 -126 -313 148
24 93 186 .101
25 241 284 18
33 125 0 -100
34 -130 -567 336
35 -126 347 175
36 -85 -117 39
37 -277 -398 44
38 -67 -444 559
40 -124 444 259
41 -43 283 561
42 175 -412 135
54 -205 -333. 62
56 -166 -281 70
59 -183 -240 31
60 -547 -1144 109
73 -268 167 -38
75 -50 -114 128
76 1006 2285 127
80 725 1528 111
84 -96 -225 134
22 -249 -530 113
83 83 -369 346
Ave 141
147
~able 42: Suspension Mount Strain Gages D.SG LH Load
Case
GAGE Free Fixed %Diff
( fl!: ) (fl!: )
4 488 1869 283
9 -160 300 87
17 -266 124 -53
21 135 58 -57
23 -27 -86 221
33 232 0 -100
34 253 102 -60
35 94 803 756
36 -148 -481 225
37 388 -29 -93
38 -274 -450 64
40 -85 567 565
41 317 301 -5
42 -55 -479 766
54 114 -79 -30
55 244 0 -100
56 228 -78 -66
60 -738 -1506 104
73 304 203 -33
76 -149 21 -86
80 185 94 -49
22 -116 -241 108
83 467 -147 -69
Ave 112
148
Table 43: Suspension Mount Strain Gages O.5G RH Load
Case
GAGE Free Fixed %Diff
(~IE ) ( ~IE)
4 -414 604 46
9 172 583 239
11 57 -13 9 144
17 245 41 -83
21 -84 -1l5 38
33 -189 0 -100
34 -271 -139 -49
35 -1l3 665 .489
36 140 -461 229
37 -321 -382 19
38 310 -597 93
40 75 766 918
41 -136 65 -52
42 317 -251 -21
54 -90 .-307 241
55 -340 0 -100
56 -172 -397 132
60 812 -66 -92
73 -309 -52 -83
76 205 106 -48
80 -148 2 -99
22 136 -90 -34
83 -512 -445 -13
Ave 84
149
Table 44: Suspension Mount Strain Gages 0.5G Reverse
Brake Load Case
GAGE Free Fixed %Diff
(~lE ) (~lE )
4 -434 692 59
9 -24 413 1605
11 44 102 129
17 -225 -79 -65
20 -177 -87 -51
21 -204 -97 -53
23 -294 -173 -41
24 252 120 -53
25 447 213 -52
34 -23 -273 1104
35 279 995 257
36 -138 -375 171
37 -52 -268 418
38 51 -268 424
40 443 1088 146
41 142 381 169
42 -119 -488 312
55 176 0 -100
56 -34 -134 290
73 13 201 1458
75 -416 -175 -58
22 -597 -425 -29
83 -78 -547 603
Ave 298
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Table 45: Suspension Mount Strain Gages LH Twist Load
Case
GAGE Free Fixed %Diff
(~IE ) ( ~IE)
4 898 754
-16
8 299 -31 -90
9 -732 147 -80
11
-92 -135 47
17
-1858 -42 -98
20 142 32 -78
23 -36 -145 305
24 -87 117 35
25 -191 53 -72
33 547 0 -100
34 1045 321 -69
35 -688 547 -21
36 140 -465 233
37 872 -79 -91
38 -673 -1300 93
40 697 588 -16
41 770 588 -24
42 -309 -378 22
54 -662 -529 -20
55 -1455 0 -100
56 -341 -388 14
59 314 48 -85
60 1557 714 -54
73 661 345 -48
75 158 70 -56
76 -123 124 1
80 340 544 60
84 206 18 -91
22 -306 -168 -45
83 1190 100 -92
Ave' -16
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Table 46: Suspension Mount Strain Gages RH Twist Load
Case
GAGE Free Fixed %Diff
(IlE) (IlE )
4 -1500 326 -78
8 -174 -175 1
9 417 664 59
11 322 571 77
17 1783 936 -48
20 -99 -41 -59
21 -21 -411 1883
23 36 -124 245
24 100 133 34
25 329 98 -70
33 -216 a -100
34 -870 -805 -8
35 334 747 124
36 -255 -41 -84
37 -581 -375 -36
38 1295 154 -88
40 -852 347 -59
41 -408 -25 -94
42 1094 -156 -86
54 623 81 -87
55 1507 a -100
56 375 -55 -85
59 -504 -174 -66
60 -1598 -1653 3
73 -1025 -166 -84
75 -133 -195 47
76 442 2401 444
80 -182 162 -11
84 -112 -136 21
22 468 -183 -61
83 -915 -815 -11
Ave 52
..•.:
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Table 47: Suspension Mount Strain Gages 0.8G Forward
Brake Load Case
GAGE Free Fixed %Diff
(~lE ) (~E)
4 938 2162 131
8 -75 -480 543
9 44 923 1989
11 -57 -290 411
17 521 734 41
20 388 449 16
21 600 865 44
23 702 517 -26
24 -621 -474 -24
25 -933 -811 -13
35 -323 389 20
36 186 -345 85
37 124 -247 99
38 -9 -368 3812
40 -383 105 -73
42 241 -274 14
54 65 -178 172
55 -308 0 -100
56 148 -242 63
60 416 -972 134
75 1147 1349 18
76 80 152 89
80 99 -66 -34
10 -80 -220 174
22 1583 938 -41
Ave 317
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Table 48: Suspension Mount Strain Gages Maximum
Acceleration Load Case
GAGE Free Fixed %Diff
(~lE ) (JlE)
4 288 353 23
34 -37 -354 858
35 572 1183 107
36 -250 -352 41
37 -41 -287 607
38 123 -308 150
40 754 1389 84
41 263 439 67
42 -189 -507 168
54 123 -48 -61
55 189 0 -100
56 26 -124 376
60 255 -139 -46
73 22 223 916
76 -166 13 -92
80 126 15 -88
83 -174 -789 355
Ave 196
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Table 49: Plastic Model to Full Scale Twist Test
Strain Comparision (microstrain)
Test Gage Model Max Test Free Max % Diff Fix Max % Diff
Gage Strain Strain Strain
8 6 2645 1212 54 133 95
9 5 697 344 51 350 50
17 77 628 397 37 51 92
18 79 1681 942 44 520 69
19 76 439 442 1 2401 447
20 78 846 645 24 1227 45
22 11 550 322 42 571 4
22 9 550 417 24 664 21
25 17 1334 1783 34 936 30
26 18 1601 1323 17 531 67
26 15 1601 1386 13 33 98
28 19 2569 926 64 2 100
29 26 2285 1960 14 403 82
30 22 696 468 33 -168 124
37 73 944 661 30 345 63
38 71 584 359 39 2 100
41 61 2865 831 71 0 100
43 19 2615 926 65 395 85
Ave 36 Ave 93
Test Gage Model Min Test Free Min % Diff Fixed % Diff
Gage Strain Strain Min
Strain
8 6 -482 -299 38 -154 49
9 5 -632 -194 69 93 148
17 77 -623 -418 33 -350 16
18 79 -1044 -748 28 202 127
19 76 -413 -123 70 124 201
20 78 -519 -596 15 249 142
22 11 -540 -92 83 -135 47
22 9 -540 -732 36 147 120
25 17 -1058 -1858 76 -42 98
26 18 -1401 -1478 5 -82 94
26 15 -1401 -1778 27 -293 84
28 19 -2747 -597 78 -395 34
29 26 -2246 -1590 29 311 120
30 22 -643 -306 52 -183 40
37 73 -718 -1025 43 -166 84
38 71 -164 -326 98 -27 92
41 61 -3398 695 120 -2 100
43 19 -2190 -597 73 2 100
Ave 54 Ave 94
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Table 50: Plastic Model to Full Scale RPC® Test Strain
Comparision
Test Model Test Test Free Fixed Free Fixed
Gage Gage Max. Min. Max. Max. Min. Min.
(pEl (pEl Strain Strain Strain Strain
(pEl (~lE l (pEl (pEl
1 26 325 -375 152 312 -445 -62
4 21 507 -300 600 865 -204 -286
5 75 804 -788 1147 1349 -416 -175
6 18 597 -597 203 531 -446 -82
7 19 783 -836 581 208 -1270 -1208
8 17 422 -439 521 734 -411 -79
12 6 125 -248 87 133 -299 -266
16 19 156 -205 249 208 -205 -190
156
Table 51: Plastic Model To Full Scale Twist Test
Static to Dynamic Strain Comparision
Test Model Max Test Free Max Ratio
Gage Gage Strain (IJ E) Strain (~lE )
8 6 2645 1212 0.46
9 5 697 344 0.49
17 77 628 397 0.63
18 79 1681 942 0.56
19 76 439 442 1. 01
20 78 846 645 0.76
22 11 550 322 0.59
22 9 550 417 0.76
25 17 1334 1783 1. 34
26 18 1601 1323 0.83
26 15 1601 1386 0.87
28 19 2569 926 0.36
29 26 2285 1960 0.86
30 22 696 468 0.67
37 73 944 661 0.70
38 71 584 359 0.61
41 61 2865 831 0.29
43 19 2615 926 0.35
Ave 0.67
Test Model Min Test Free Min Ratio
Gage Gage Strain (IJE) Strain (IJE)
8 6 -482 -299 0.62
9 5 -632 -194 0.31
17 77 -623 -418 0.67
18 79 -1044 -748 0.72
19 76 -413 -123 0.30
20 78 -519 -596 1.15
22 11 -540 -92 0.17
22 9 -540 -732 1. 36
25 17 -1058 -1858 1. 76
26 18 -1401 -1478 1. 06
26 15 -1401 -1778 1. 27
28 19 -2747 -597 0.22
29 26 -2246 -1590 0.71
30 22 -643 -306 0.48
37 73 -718 -1025 1.43
38 71 -164 -326 1. 99
41 61 -3398 695 0.20
43 19 -2190 -597 0.27
Ave 0.81
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Table 52: Plastic Model To Full Scale RPC® Test Static
to Dynamic Strain Comparision
Test Model Test Test Free Ratio Free Ratio
Gage Gage Max. Min. Max. Min.
(IlE) (IlE) Strain Strain
(IlE) (IlE)
1 26 325 -375 152 0.47 -445 1.19
4 21 507 -300 600 1.18 -204 0.68
5 75 804 -788 1147 1. 43 -416 0.53
6 18 597 -597 203 0.34 -446 0.75
7 19 783 -836 581 0.74 -1270 1. 52
8 17 422 -439 521 1. 24 -411 0.94
12 6 125 -248 87 0.70 -299 1. 21
16 19 156 -205 249 1. 60 -205 1. 00
Ave 0.96 Ave 0.98
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Table 53: 2G Load Case Error Analysis (microstrain (~U;))
Gage Stdev Fixed Stdev Free Gage Stdev Fixed Stdev Free
1 16 11 44 6 5
2 2 5 45 2 8
3 6 3 46 0 44
4 3 1 47 0 13
5 1 8 48 0 13
6 3 14 49 78 26
7 21 311 51 0 10
8 2 3 52 0 22
9 4 2 53 0 7
11 5 137 54 1 2
12 2 12 55 0 195
13 5 2 56 2 6
14 7 1 57 0 7
15 5 5 58 0 31
16 10 4 59 2 4
17 4 2 60 3 3
18 3 1 61 30 8
19 3 1 62 5 54
20 27 10 63 0 4
21 3 4 64 25 13
23 0 10 65 0 46
24 1 3 66 0 7
25 3 3 67 0 9
26 2 2 68 36 5
27 1 19 69 0 6
28 1 7 70 14 2
29 58 4 71 2 11
30 1 46 72 11 9
31 4 56 73 7 2
32 6 6 74 2 3
33 0 11 75 9 79
34 2 12 76 2 2
35 2 8 79 0 3
36 5 1 80 2 3
37 3 3 82 0 3
38 5 12 10 6 16
39 17 20 84 3 24
40 0 18 22 2 4
41 5 12 50 12 18
42 2 29 77 79 3
43 8 6 83 2 31
AV SD 7 AV SD 19
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Table 54: 0.5 G Reverse Brake Load Case Error Analysis
(microstrain (pE))
Gage Stdev Fixed Stdev Free Gage Stdev Fixed Stdev Free
1 95 40 44 4 22
2 7 17 45 3 2
3 10 41 46 0 31
4 2 3 47 0 87
5 20 0 48 0 77
6 4 3 49 64 6
7 5 19 51 0 74
8 3 24 52 0 12
9 0 15 53 0 4
11 7 5 54 9 13
12 52 5 55 0 6
13 15 4 56 7 16
14 20 21 57 0 59
15 4 11 58 0 11
16 2 0 59 2 48
17 6 5 60 15 42
18 3 6 61 55 10
19 0 1 62 10 16
20 1 3 63 0 59
21 0 5 64 35 21
23 1 4 65 0 68
24 1 1 66 0 16
25 1 0 67 0 46
26 0 1 68 36 9
27 0 31 69 0 9
28 17 23 70 82 5
29 74 34 71 11 43
30 4 59 72 7 39
31 3 56 73 4 13
32 31 7 74 1 6
33 0 40 75 0 1
34 3 27 76 5 12
35 4 3 79 1 1
36 0 4 80 1 23
38 2 17 10 7 16
39 3 3 84 7 42
40 1 2 22 0 2
41 2 5 50 27 55
42 0 4 77 3 1
43 0 24 83 3 4
AV SD 10 20
,
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Table 55: O.5G LH Lateral Load Case Error Analysis
(microstrainl
Gage Stdev Fixed Stdev Free Gage Stdev Fixed Stdev Free
1 22 3 44 67 15
2 28 11 45 32 4
3 54 15 46 0 23
4 1 1 47 0 5
5 46 23 48 0 61
6 10 2 49 89 0
7 6 10 51 0 16
8 5 7 52 0 50
9 0 4 53 0 9
11 23 7 54 29 5
12 7 17 55 0 0
13 18 9 56 11 2
14 49 10 57 0 1
15 37 4 58 0 6
16 5 5 59 9 22
17 0 4 60 10 2
18 12 1 61 4 6
19 28 1 62 3 6
23 1 8 65 0 3
24 1 1 66 0 4
25 9 2 67 0 22
26 1 2 68 4 0
27 4 5 69 0 1
28 8 1 70 65 9
29 12 2 71 27 3
30 83 2 72 11 24
31 10 1 73 1 1
32 89 9 74 3 5
33 0 2 75 20 21
34 8 1 76 3 1
35 2 5 79 54 2
36 24 4 80 5 4
37 67 3 82 0 26
38 58 1 10 17 51
39 124 6 84 36 7
40 5 0 22 0 1
41 5 2 50 31 3
42 10 8 77 55 8
43 10 12 83 26 2
Fixed Free
AV SD 19 8
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Table 56: O.5G RH Lateral Load C~se (microstrain(~E))
Gage Stdev Fixed Stdev Free Gage Stdev Fixed Stdev Free
1 3 26 44 18 3
2 3 12 45 18 8
3 9 56 46 0 9
4 4 2 47 0 14
5 5 1 48 0 18
6 1 2 49 37 10
7 7, 24 51 0 31
8 1 2 52 0 67
9 1 6 53 0 3
11 13 3 54 2 2
12 2 9 55 0 2
13 1 11 56 6 0
14 1 52 57 0 1
.
15 12 4 58 0 3
16 16 8 59 13 11
17 0 3 60 .. 10 0
18 4 3 61 6 4
19 5 1 62 12 19
20 3 39 63 0 2
21 25 1 64 1 9
23 5 14 65 0 2
24 4 20 66 0 2
25 3 6 67 0 43
26 1 9 68 9 1
27 13 10 69 0 0
28 20 7 70 72 13
29 20 6 71 21 15
32 70 3 74 2 1
33 0 2 75 33 12
34 20 1 76 3 8
35 5 3 79 0 1
36 2 2 80 2 2
37 3 3 82 0 18
38 1 1 10 4 9
39 1 15 84 12 3
40 7 6 22 7 6
41 15 4 50 10 37
42 2 2 77 0 4
43 8 1 83 7 0
Free Fixed
AV SD 9 10
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Table 57: O.8G Forward Brake Load Case Error Analysis
(microstrain (~IE))
Gage Stdev Fixed Stdev Free Gage Stdev Fixed Stdev Free
1 85 15 44 192 25
2 16 17 45 24 16
3 9 3 46 0 72
4 3 2 47 0 33
5 1 1 48 0 23
6 4 0 49 29 27
7 5 1 51 0 3
8 3 9 52 0 12
9 3 0 53 0 15
11 7 6 54 2 9
12 70 1 55 0 8
13 17 2 56 8 17
14 34 10 57 0 15
15 24 18 58 0 7
16 1 1 59 4 0
17 2 1 60 5 12
18 1 1 61 50 20
21 2 0 64 55 2
23 0 0 65 0 1
24 1 1 66 0 94
25 1 0 67 0 40
26 6 2 68 3 15
27 28 8 69 0 80
28 5 6 70 5 36
29 7 4 71 2 12
30 18 18 72 8 80
31 2 4 73 5 2
32 17 1 74 3 1
33 0 4 75 1 6
34 73 30 76 7 40
35 0 3 79 0 0
36 3 3 80 16 4
37 14 5 82 0 0
38 4 72 10 2 3
39 26 0 84 9 5
40 9 3 22 3 4
41 8 4 50 87 6
42 5 2 77 1 6
43 2 58 83 68 8
Free Fixed
AV SD 13 13
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Table 58: Maximum Acceleration Load Case Error
Analysis (microstrain (pE))
Gage Stdev Fixed Stdev Free Gage Stdev Fixed Stdev Free
1 12 32 44 10 0
2 3 27 45 3 9
3 42 37 46 0 56
4 7 46 47 0 6
5 15 10 48 0 97
6 2 27 49 20 16
7 71 8 51 0 10
8 72 40 52 0 50
9 1 53 53 0 9
11 77 50 54 27 9
12 21 80 55 0 3
13 0 22 56 22 4
14 5 70 57 0 4
15 5 8 58 0 28
16 12 14 59 15 7
17 3 18 60 12 8
18 10 12 61 183 26
19 22 65 62 10 4
23 28 61 65 0 8
24 10 45 66 ·0 7
25 7 39 67 0 7
26 7 48 68 30 8
27 10 25 69 0 21
28 7 7 70 9 12
29 12 61 71 12 45
30 2 10 72 17 17
31 8 7 73 7 29
32 12 16 74 3 15
33 0 12 75 3 2
34 8 20 76 5 3
35 9 5 79 21 14
36 28 6 80 22 6
37 5 36 82 0 13
38 20 4 10 3 4
39 1 5 84 9 15
40 3 3 22 13 8
41 11 6 50 5 37
42 4 5 77 16 6
43 7 11 83 12 6
Free Fixed
AV SD 15 23
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Table 59: LH Twist Load Case Error Analysis
(microstrain (pc))
Gage Stdev Fixed Stdev Free Gage Stdev Fixed Stdev Free
1 3 13 44 5 2
2 1 53 45 25 3
3 20 28 46 0 1
4 5 4 47 0 47
5 16 12 48 0 3
6 7 2 49 12 51
7 18 0 51 0 4
8 11 7 52 0 11
9 6 5 53 0 0
11 23 86 54 7 0
12 13 37 55 0 4
13 16 1 56 24 4
14 18 14 57 0 3
15 44 3 58 0 1
16 13 9 59 23 3
17 48 2 60 6 13
18 12 3 61 85 1
19 70 4 62 9 10
20 5 1 63 0 8
21 12 25 64 15 1
23 7 2 65 0 10
24 0 2 66 0 2
25 28 2 67 0 2
28 7 2 70 21 15
29 13 2 71 38 7
30 78 8 72 1 46
31 14 0 73 11 1
32 63 1 74 6 9
33 0 4 75 2 2
34 11 0 76 1 13
35 5 4 79 12 3
36 16 12 80 7 4
37 20 5 82 0 2
38 0 1 10 12 18
39 8 17 84 52 14
40 4 5 22 5 3
41 4 3 50 59 34
42 0 5 77 10 4
43 1 14 83 31 4
Free Fixed
AV SD 20 10
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Table 60: RH Twist Load Case Error Analysis
(microstrain (pc))
Gage Stdev Fixed Stdev Free Gage Stdev Fixed Stdev Free
1 24 5 44 3 2
2 13 59 45 11 4
3 19 12 46 0 7
4 36 0 47 0 70
5 19 6 48 0 11
6 117 0 49 35 9
7 123 6 51 0 2
8 39 4 52 0 1
9 4 2 53 0 2
11 32 1 54 5 0
12 , 153 4 55 0 0
13 57 3 56 37 3
14 47 4 57 0 0
15 13 0 58 0 0
16 39 5 59 0 1
17 4 1 60 2 1
18 7 1 61 4 1
19 4 1 62 10 1
20 13 1 63 0 4
21 8 29 64 5 2
23 112 19 65 0 3
24 71 10 66 0 0
25 86 3 67 0 2
28 2 3 70 25 1
29 36 1 71 40 1
30 5 5 72 90 10
31 12 1 73 18 0
32 43 4 74 3 0
33 0 1 75 11 0
34 3 1 76 6 4
35 3 3 79 14 1
36 85 6 80 87 2
37 0 1 82 0 41
38 5 0 10 75 54
39 31 7 84 26 5
40 18 1 22 87 0
41 13 1 50 61 5
42 20 2 77 4 2
43 15 1 83 9 1
Free Fixed
AV SD 25 6
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Appendix D
Results of Static to Dynamic Strain
Comparison Experiments
Note: All Strain Measurements are in microstrain (~E).
Table 62: Standard Deviation of Front Suspension
Corner Test Results
Gage Av Strain Stdev
( llE) ( llE)
1 375 11
2 234 8
3 207 6
4 453 6
6 487 24
7 707 38
8 357 13
9 342 17
10 723 21
11 127 18
12 61 13
13 171 20
14 127 9
15 171 22
16 173 19
17 186 18
18 184 12
19 140 36
20 158 15
21 150 20
22 407 52
23 287 43
25 144 17
26 45 1
27 87 8
AVE 19
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Table 63: Standard Deviation of Twist Test Strain Gage
Data
Gage 1 Stdev Gage 2 Stdev Gage 3 Stdev Gage 4 Stdev
(~lE ) (JlE) (JlE) (JlE) (~lE ) (JlE) (JlE) (JlE)
125 6 150 4 -250 5 -400 7
130 5 -1000 3 900 3 1000 2
120 10 250 6 -500 15 -900 3
130 11
-500 5 300 12 250 6
140 6 800 10 -1100 5 -1200 1
150 4
-450 5 400 5 500 4 Ave
Ave 7 Ave 6 Ave 7 Ave 4 6
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Table 64: Standard Deviation of Front Suspension
Braking and Acceleration Test
Gage 1 Gage2 Gage 3 Gage 4 Gage 5
AVE STDEV AVE STDEV AVE STDEV AVE STDEV AVE STDEV
( ~l£) ( ~l£) (~l£) (~£) (~£) (~£) (~£) (~£) (~£) ( ~l£)
-360 25 -14 0 -434 43 158 17 149 9
- 960 12 -25 0 -1102 32 401 11 392 3
-1532 8 -52 3 -1794 17 644 5 644 0
-2075 14 -89 4 -2493 8 875 1 910 11
-2670 33 -126 4 -3275 2 1127 6 1192 3
-3256 37 -164 6 -4108 16 1399 14 1437 6
-3865 69 -209 1 -5118 76 1742 29 1657 5
150 6 31 1 509 5 -173 1 -123 2
281 1 53 1 899 20 -302 6 -234 1
519 6 66 2 1291 21 -416 5 -368 1
779 8 74 2 1655 35 -524 13 -447 6
1086 6 78 2 2039 30 -631 11 -530 4
1440 8 78 1 2419 16 -725 6 -626 2
AVE 18 AVE 2 AVE 25 AVE 10 AVE 4
Gage 6 Gage 7 Gage 8 Gage9 Gage 10
AVE STDEV AVE STDEV AVE STDEV AVE STDEV AVE STDEV
(~£) (~£) (~£) (~£) (~£) (~£) (~£) (~£) (~£) (~£)
-139 8 -132 4 -410 29 118 8 185 17
-583 0 -272 1 -940 22 264 5 485 13
-1076 11 -440 8 -1514 11 412 3 788 9
-1530 4 -616 3 -2118 14 565 5 1057 18
-2017 11 -871 3 -2789 32 724 13 1353 17
-2473 25 -1184 3 -3427 42 853 18 1685 8
-2904 69 116 6 -3939 68 944 29 2006 6
118 4 333 4 405 11 -99 3 -162 8
288 1 561 2 718 4 -165 1 -289 4
519 15 768 9 1064 21 -235 4 -426 2
768 5 988 18 1338 0 -269 1 -570 11
1139 4 1187 26 1590 3 -290 0 -704 10
1534 14 962 35 1879 15 -319 1 -843 8
AVE 13 AVE 9 AVE 20 AVE 7 AVE 10
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Table 65: Standard Deviation of Spring Hanger Test
Results
Gage 1 Gage 2 Gage 3 Gage 4
AVE STDEV AVE STDEV AV STDEV AVE STDEV
(~IE ) (IlE) (IlE) (IlE) (IlE)E (IlE) (IlE) (~IE )
-664 25 -358 9 385 8 310 5
1517 12 784 3 -676 6 -1132 3
-1390 8 -790 0 1195 8 354 5
2984 14 1631 11 -1190 17 -2116 13
AVE 15 AVE 6 AVE 10 AVE 6
Table 66: Standard Deviation of Frequency Evaluation
Results
Gage 1 Gage 2 Gage 3 Gage4 GageS
AVE STDEV AVE STDEV AVE STDEV AVE STDEV AVE STDEV
(IlE) (lll'; ) (IlE) (IlE) (IlE) (IlE) (IlE) (IlE) (IlE) (IlE)
-7 3 -64 5 101 5 83 4 30 4
-6 1 -80 2 148 0 112 1 53 1
-4 3 -94 2 194 2 139 1 69 2
59 3 -372 7 1304 5 884 3 390 3
148 1 -566 2 2068 3 1326 3 585 1
242 1 -761 1 2879 12 1779 9 783 7
AVE 2 AVE 3 AVE 5 AVE 3 AVE 3
Gage6 Gage 7 GageS Gage9
AVE STDEV AVE STDEV AVE STDEV AVE STDEV
(IlE) (IlE) (IlE) (IlE) (IlE) (IlE) (IlE) (IlE)
28 3 10 1 -22 2 -2 2
46 2 14 1 -32 1 -3 1
58 1 20 2 -45 2 -1 2
245 3 107 2 -256 2 26 1
318 6 157 0 -377 1 64 1
371 2 209 3 -506 2 129 4
AVE 3 AVE 2 AVE 2 AVE 2
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Table 67: Standard Deviation of Component Modification
Results
With Differential Case Installed
Gage 1 Gage2 Gage3 Gage4 Gage 5
AVE STDEV AVE STDEV AVE STDEV AVE STDEV AVE STDEV
(~E) (~E) (~E) (~E) (~E) (~E) (~E) (~E) (~E) ( ~lE)
-285 1 1715 5 -2037 16 -535 2 435 2
-469 6 2871 5 -3356 10 -804 3 672 32
-704 1 4531 37 -5589 49 -1026 2 1014 1
AVE 3 AVE 16 AVE 25 AVE 2 AVE 12
Without Differential Case Installed
Gage 1 Gage2 Gage3 Gage4 Gage 5
AVE STDEV AVE STDEV AVE STDEV AVE STDEV AVE STDEV
(~E) (~E) (~E) (~E) (~E) (~E) (~E) (~E) (~E) (~E)
-273 7 323 1 247 26 -536 4 486 9
-443 8 526 6 359 48 -791 8 777 15
-671 9 769 4 501 60 -832 1 1130 13
AVE 8 AVE 4 AVE 45 AVE 4 AVE 12
Table 68: Strain Gage Requirement Study Full Frame
Twist
/
Baseline 2 Gages Delta 2 G-iges Delta 3 Gages Delta
10 Gages
Slope 1.12 1.085 -3.1% 1.15 2.6% 1. 06 -5.4%
r2 .967 .998 3.2% .998 3.2% .997 3.0%
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Table 69: Strain Gage Requirement Study Front
Suspension Corner Test
Description Slope Delta r 2
Baseline 4.5 0% .96
24 Gages
10 Gages 4.24 -5.7% .985
10 Gages 5.16 14.7 % .924
9 Gages 4.71 4.7% .972
8 Gages 4.49 -.22% .980
7 Gages 4.73 5.1% .953
7 Gages 4.55 1.1% .946
6 Gages 4.51 .22% .986
6 Gages 4.56 1. 3% .912
5 Gages 4.43 -1. 6% .986
5 Gages 4.60 2.2% .964
5 Gages 4.50 0% .983
4 Gages 4.78 6.2% .983
4 Gages 5.36 19.1% .977
3 Gages 4.65 3.3% .996
3 Gages 4.87 8.2% .998
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Appendix E
Plastic Model Load Case Calculations
The material in this section outlines the derivation of
the plastic model load cases. The loads were developed from
the basic principles of mechanics utilizing the supplied
customer information.
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Fig. 34 Schematic of C.G. Locations
Relative to Center of Front Axle
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Acceleration Loads:
Determine the maximum attainable acceleration on a
level surface.
Parameters: Coefficient of Friction = ~
Vehicle 4x2 rear drive.
0.8
gravity g = 32.2 ft/sec 2
Symbols: w weight
m mass
F horizontal force at tire patch
N normal force
M = Moment
a acceleration
The subscripts A and B represent points A and B
respectively on Figure 28.
The subscripts eng, FESM, cab, box, frame, represent
engine, FESM, cab, box, and frame structures respectively.
The subscripts x, y, z, represent the x, y, z,
directions.
X - is positive forward.
Z - is positive up.
M - is positive CCW.
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Structure Masses:
Component Weight Mass
FESM 84 2.6
Cab 969 30.1
Engine 730 22.7
Payload 2800 86.9
Frame 454 17.8
By Newton's Second Law of Motion
LFy LFyeff
LFx LFxeff
LF z LFzeff
From the vehicle schematic (Figure 28) :
Assumption: For a rear drive system Fa is
taken as zero.
LFy = -WFESM - Weng - Wcab - Wbox - Wframe + NA + NB may = 0
NA + NB - WFESM - Wcab - Wbox - Weng - Wframe = 0 (1)
(2)
LMA = NB (138.5) - WBox (132.83) - Wcab (46.62) - Weng (12.31)
Wframe(50.6) - WFESM (2.58) = mFESMa(33.8) + menga(21.71)
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+ lllcaba (34 . 43) + mboxa (30 . 22) + mf ramea (1 7 . 37) . (3 )
Solving equations 1, 2, 3 simultaneously yields:
a = 19 ft/sec2.
Back substitution yields:
NB 3878 Ibs
NA 159 Ibs
FB 3102 Ibs
FA 0 Ibs
Calculation of Inertial Loads (F = mal
FESM 2.6(19) = 50 Ibs
Cab 30(19) = 583 lbs
Eng = 22.7(19) = 439 lbs
Box = 87 (19) 1684 lbs
Frame 18(19) 346 lbs
The other load cases, 0.88 forward brake reaction, 0.58
reverse brake reaction, 0.58 lateral reaction, and the 28
vertical reaction, are calculated in the same manner as the
preceding maximum acceleration load case. However, the
acceleration is calculated to be a multiple of the 18
gravity constant g = 32.2 ft/sec 2 and inserted into the
equations as opposed to derive the constant as in the
maximum acceleration load case. For the lateral acceleration
load case, 70% of the load was resisted by the outboard
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tires. This was information supplied by the customer. The
twist load cases are simply a geometric scaling of the full
scale wheel displacements.
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Appendix F
Error Propagation Analysis
The purpose of this chapter is to quantify the
experimental uncertainty involved with the various
experiments performed during the course of this research.
The/error propagation analysis is based on a special
application of Taylor's series. For more information on
this topic and the theory of this technique, please refer to
reference 37.
It can be shown that the estimated uncertainty for a
measured quantity can be expressed in the following form:
Where un represents the various uncertainties for the
function and uf represents the total uncertainty for the
variable of interest.
Find the uncertainty for the plastic model strain
readings:
F force
E Modulus of Elasticity
L Length
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u uncertainty
E strain
(J stress
The subscripts m and p represent model and prototype
respectively.
F~ = Fp(Em/Epl (Lm/Lpl2
UFm =uFp8Fm/8Fp + uEm8Fm/8Em + uEp8Fm/8Ep + uLm8Fm/8Lm +
uLp8Fm/8Lp
UFm =UFp(Em/Epl (Lm/Lpl2 + UEm(Fpl (l/ Ep l (Lm/Lpl2 +
UEp (Fpl (-Em/Epl (Lm/ Lpl2 + ULm (Fpl (2Lm/Lp2l (Em/Epl +
ULp(Fpl (-2Lm2/Lp3l (Em/Epl .
IUFp/Fpl + luEm/Eml + IUEp/Epl + 12uLm/ Lmi +1
2ULp/Lp I
UF 5%
Lp 1%
Lm = 1%
Ep 10%
Em = 10%
Therefore:
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2% + 10% + 10% + 2% + 2% 26%
Furthermore: £
26% + 2% + 10% + .2% 38.2%
Similarly the uncertainty for the static to dynamic
strain comparison measurements is:
.2% + 2% + 10% + .2% = 12.4%.
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